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ABSTRACT
 This dissertation details the synthesis of a new alkyne core functional hyperbranched 
polyglycerol and describes their use as potential monomolecular imprinting materials and 
increasing the photostability of fluorescent dyes.  The first chapter describes two methods for the 
synthesis of the polymers and its formal [3+2] cycloaddition with organic azides in the presence 
of copper, commonly referred to as click chemistry.  The two methods allow preparation of low 
molecular weight polymers, MW < 10,000 g/mol and high MW > 100,000 g/mol.  The polymers 
and their derivatives are characterized by a variety  of analytical techniques to establish the size, 
degree of branching, and initiator incorporation for both the low and high molecular weight 
material.  A method for decreasing polydispersity, a common issue for hyperbranched polymers, 
is also described.  This chapter includes two applications for these new polymers including 
attachment to the surface of a gold nanoparticle, and the synthesis of an acid sensitive 
unimolecular micelle.  In the first application, the alkyne core is converted to an amine which 
allows the polymer to act as a ligand on the gold surface.  Despite the presence of the amine, the 
particle’s remain neutral (zeta potential = -0.01) and are stable to salt induced precipitation.  In 
the second application unimolecular micelles were tested for biocompatibility, and their ability  to 
encapsulate and release a hydrophobic guest molecule.
 The second chapter describes the synthesis of branched star polymers or 
pseudodendrimers using an adenosine core in an effort to synthesize a water soluble organic 
nanoparticle capable of recognizing nucleic acid residues.  A general route to highly cross-linked 
water soluble nanoparticles is presented which uses metathesis cross-linking and osmium 
catalyzed dihydroxylation.  The nanoparticles could be hydrolyzed to remove the adenosine 
template.  However, qualitative tests using equilibrium dialysis showed very low, nonspecific 
binding to nucleoside guests.  The end of the chapter further studies the cross-linking process, 
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and shows how the polymers stiffness changes with increasing cross-link density using 1H NMR 
T1 relaxation times.  
 The third chapter describes two methods for the use of polyglycerol to increase the 
photostability of organic dyes.  The first method uses the steric bulk of polyglycerol as a 
protective layer to prevent  interaction of the dye with molecular oxygen or to increase the water 
solubility of stable but insoluble dyes.  Polyglycerol modified with fluorescein at the core was 
shown to be up to 3 times more stable than free fluorescein in solution.  The polymer conjugates 
were also less affected by iodide quenching.  In both tests there was no difference between cross-
linked and uncross-linked polymer.  Polyglycerol was also used to alter the water solubility of 
the insoluble but  stable perylene diimide dye.  The second method uses polyglycerol not as a 
steric barrier, but as a scaffold to covalently link fluorescent dyes to antifading agents.  The 
results show that the co-localization of the dye and antifading agents due to the covalent 
attachment to the polymer scaffold reduces photobleaching similarly to that observed for 
antifading agents in solution.
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CHAPTER 1
SYNTHESIS OF HYPERBRANCHED POLYGLYCEROLS
Portions of this chapter are expanded from A. Zill, A. L. Rutz, R. E. Kohman, A. M. Alkilany, C. J. Murphy, H. 
Kong, and S. C. Zimmerman, “Clickable Polyglycerol Hyperbranched Polymers and Their Application to Gold 
Nanoparticles and Acid Labile Nanocarriers” Chem. Commun., 2011,  47, 1279-1281.   Acknowledgment of work 
contributed to this chapter include nanoparticle synthesis and characterization by A. M. Alkilany and assistance with 
synthesis and characterization of acid labile unimolecular micelles by A. L. Rutz.
1.1 POLYMERS IN BIOLOGY AND MEDICINE
 The use of polymers in medicine and biomedical devices has opened up new strategies 
for treating disease and improving patient care.  Polymer based therapeutics rely  on polymers 
that are non-toxic, non-immunogenic, and can be administered over a long period.1  The most 
common polymers used are polyethylene glycole (PEG), N-(2-Hydroxypropylmethacryamide) 
(HPMA), and poly(glutamic acid) (PGA) (Figure 1).1  Recently, hyperbranched polyglycerol 
(HPG) has been proposed as a new candidate for polymer based therapeutics.2  
1.1.1 Examples of polymers in medicine
 One of the first examples of polymer therapeutics involves polymer protein conjugation. 
The most used and versatile polymer for protein conjugation is PEG.3  Examples include the 
anticancer drugs Urate Oxidase,4 asparginase,5 arginase,6 and Interleukin 2.7  The use of these 
proteins is hampered by their short  circulation times and their immunogenicity.  For instance the 
hypersensitive allergic reaction commonly observed during treatment with the antileukemia 
enzyme asparginase is not observed when the enzyme is administered as a PEG conjugate.8  In 
other cases conjugation of PEG to proteins has been shown to increase the plasma circulation 
half-life of the protein,9 increase its solubility,7 and reduce both its immunoreactivity and 
immunogenicity.10
1
 In addition to protein conjugates, drug conjugates offer several advantages over standard 
drug administration including reduced toxicity,11 increased solubility,1 and passive tumor 
targeting via the enhanced permeability and retention (EPR) effect.12  Several drugs have been 
developed that take advantage of these benefits, including Xyotax, now known as Opaxiotm,13 
and PK1.11  Opaxio is a polyglutamate polymer containing paclitaxel via a labile ester bond.14 
PK1 is an HPMA polymer conjugated to doxorubicin via an enzyme cleavable amide bond. 
These polymer drug conjugates reduce drug toxicity  by  altering the drug pharmacokinetics and 
increasing targeting to tumor tissue.
Figure 1.1.  Examples of common biopolymers used in pharmaceuticals and drug delivery applications.  PK1 is an 
example of an HPMA polymer and Opaxio is an example of a polyglutamate polymer.
 Biopolymers also play  a role in the prevention of biofouling, the buildup of 
biocontaminants on surface.  This is important  to a variety of biomedical industries that make use 
of implanted materials such as catheters and prosthetic devices15 where biofouling can lead to 
infection16,17 or thrombosis.18  The most common polymer for preventing biofouling is PEG and 
much of the research in this area has focused on methods to produce dense layers of PEG on 
surfaces.  Techniques include the formation of polymer brushes,19 and densely packed SAMs.20
1.2  HYPERBRANCHED POLYGLYCEROL IN MEDICINE
 PG dendrimers and HPG have a number of attractive properties that have led to their use 
in a broad range of applications from drug delivery  devices to MRI contrast agents and solubility 
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enhancement.2  Arguably, the most important property is the biocompatibility afforded by the 
water-soluble, highly  branched polyether-polyol structure.  Indeed, HPGs resist protein 
adsorption and show toxicity  profiles in cell studies that are at least as good as PEG.  Further, no 
toxicity  in mice was observed even at high doses for a prolonged period.21,22,23  These features 
make HPG based polymers possible candidates to replace PEG in certain applications where 
steric repulsion and multivalency are important.
1.2.1  Functionalization of peripheral hydroxyl groups of HPG
 Although similar to PEG in biocompatibility, the highly branched architecture of HPG 
offers a multivalent surface to attach small molecules as drug conjugates or for targeted delivery. 
For this reason a variety of applications have been demonstrated that rely on the multivalent 
surface chemistry  of HPG, several of which are outlined in Scheme 1.1.  For instance, HPG, 1, 
was modified with ibuprofen, polymer 2, using DCC to form labile ester bonds to the drug. 
Studies of 2 showed an increased rate of drug delivery and increased prostaglandin inhibition 
when compared to the free drug.24    Zhang and coworkers showed that HPG could host multiple 
RGD peptides, using a vinyl sulfone linker.  The RGD functionalized HPG, 4, displayed greater 
inhibition of platelet  binding than simple RGD peptides and showed promise as an 
antithrombotic drug.25
 One area that is particularly  important for multivalent interactions is carbohydrate 
receptor binding where individual binding interactions are very weak.26  To produce HPG with 
very high loading capacity of galactose the polymer was functionalized with alkyne groups using 
propargyl bromide.  The polyalkyne HPG was then reacted with a galactose sugar which was 
linked to an azide, 5, using click chemistry.  In a test of selectin inhibition the resulting 
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polygalactose HPG, 6, outperformed a tetrameric galactose control with an affinity enhancement 
of 103-fold.27
Scheme 1.1.  Methods for surface functionalization of HPG as described in the text.
1.3  SYNTHESIS OF CORE FUNCTIONAL HYPERBRANCHED POLYGLYCEROL
 Core functional HPG polymers are important to the synthesis of complex polymer 
architectures based on HPG.  Modifications of the hydroxyl groups on HPG is inherently non-
selective and the exact number of modifications cannot be controlled.  This non-selectivity limits 
modifications on the surface of HPG to monovalent molecules.  Thus a number of synthesis have 
been described for the synthesis of core functional HPGs.  The standard synthesis for HPG, 
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established by  Frey and coworkers,28 is shown in Scheme 1.2.  The polymerization is carried out 
by slowly  adding the bifunctional monomer glycidol to a triol such as 7 in the presence of a 
strong base.  The reaction produces a mixture of two polymers, 1 and 8, that differ in their core 
functionality.  These different polymers are easily  distinguished by mass spectrometry  techniques 
such as MALDI, and result from either incorporation of the polyol initiator, or the self initiation 
of the glycidol monomer.  The ratio of 1 and 8 is dependent on the rate of glycidol addition, with 
rapid addition favoring the formation of 8 whereas a constant slow addition produces almost 
exclusively 1. 
Scheme 1.2.  Standard route for the synthesis of HPG.  The byproduct,  8 forms from ring closing of a diglycidol 
ether adduct.
 Because the slow addition method incorporates the triol initiator a number of methods 
have been conceived that produce core functional polymers, as shown in Scheme 1.3.  These 
polymers are useful building blocks for producing polymers with more complex architectures. 
For instance, Burakowska showed that a benzyl protected amine, 9, could act  as an initiator to 
produce monoamine HPG, 10 in two steps.  Amine 10 was further used to synthesize a core shell 
nanocapsule through reductive amination.29  Alternatively, Chiao et al. synthesized a thiol core 
HPG, 12 also in two steps, by  initiating the synthesis with 2,2′-dihydroxyethane disulfide, 11, 
and cleaving the disulfide bond after the polymerization using DTT.30  These polymers proved 
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useful for coating gold surfaces that were more uniform and were more resistant to non-specific 
protein adsorption than surfaces prepared from PEG thiol.
Scheme 1.3. Methods to core functional HPG.  The third example makes use of chiral glycidol.
 Another core functional HPG was synthesized by Frey et al. and incorporated a reactive 
alkene group into the polymer.31  The alkene can be used for a variety of transformations 
including hydrosilylation, metathesis, and ozonolysis followed by reductive amination.  The 
synthesis is also significant because it shows that optically active (R)-(+)-glycidol could be used 
6
for the polymerization to produce optically active 14.  The authors demonstrate the use of 14 in 
radical thiol addition.
1.3.1  Alkyne cored HPG
 Despite the large number of synthetic routes to core functional HPG, the incorporation of 
alkyne groups at  the core has not been demonstrated.  The alkyne can react via radical thiol 
addition32 similarly  to the alkene.  More importantly the alkyne group  can react with organic 
azides in a 1,3-dipolar cycloaddition33 with the Cu[I] catalyzed formal cycloaddition reaction 
being particularly useful because of its generality and selectivity in the presence of many other 
functional groups.34  Because the alkyne group  does not participate in nucleophilic ring opening 
reactions in the presence of alkoxide base there should be no need for a protecting group strategy 
as used in two of the previous examples.  Ideally the reaction would make use of only 
commercially available starting materials.
1.3.2  Synthesis of alkyne initiator
 Two alkyne alcohols were envisioned as viable initiators for the synthesis, propargyl 
alcohol, and the triol 15 (Scheme 1.4).  Although propargyl alcohol represents an ideal initiator 
as it is easily obtained and simple to purify it  is also highly reactive, and the harsh reaction 
conditions of the polymerization may lead to cross-linking and degradation of the alkyne group. 
15 represents an almost identical synthetic analogue to the initiators used by Frey et al.28 for the 
synthesis of non-core functional HPG making the polymerization more straight forward.  Two 
routes were used to synthesize 15 both starting with pentaerythritol.  The first route uses a 
protection strategy published by Dunn to produce monofunctional pentaerythritol 16.35  The 
alkyne 17 was then synthesized through Williamson etherfication using propargyl bromide and 
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potassium hydroxide.  The initiator 15 was obtained after deprotection.  A similar synthesis was 
used for an azide analogue of the initiator by  tosylating 16 and displacing the tosyl group  with 
sodium azide.  Deprotection yielded initiator 19.  Unfortunately, attempts to produce HPG using 
initiator 19 failed as the azide was not stable to the polymerization conditions.  An alternative 
synthesis of 15 could be achieved through the direct reaction of propargyl bromide and 
pentaerythritol.  Evans et al. had already demonstrated monofunctionalization of pentaerythritol 
using KOH, DMSO, and allylchloride.36  A similar procedure using propargyl bromide and 
pentaerythritol was successful but required extensive chromatography to obtain pure material.
Scheme 1.4. Synthesis of Alkyne containing HPG initiators
1.3.3  Polymerization methods
 Polymerization of glycidol using initiator 15 proceeded smoothly  without solvent or in 
diglyme to yield HPG 20.  Figure 1.2a shows SEC traces taken from a typical polymerization 
after 25, 50, 75, and 100 equivalents of glycidol were added.  When less than 75 equivalents of 
glycidol are added, monomodal molecular weight distributions are obtained with Mw/Mn below 
1.4.  Higher equivalents produced polymers with increased Mw/Mn demonstrating one of the 
limitations of the standard HPG synthesis.  This is especially  true when looking at crude reaction 
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samples that have not been purified by acetone precipitation as shown in Table 1.1.  The acetone 
precipitation following the polymerization is a major factor affecting the polydispersity of the 
polymers synthesized.
Scheme 1.5. Synthesis of alkyne core HPG.
Table 1.1.  Properties of HPG synthesized with glycidol using initiator 17.
Equivalents Mn (theor) g/mol Mn (Prec)a 
(SEC)b g/mol
Mw/Mn(Prec)b Mn(Crude)c 
(SEC) g/mol
Mw/Mn(Crude)c
25 2020 7100 1.36 5900 1.56
50 3800 11600 1.39 8500 1.68
75 5700 13100 1.49 10100 1.85
100 7580 14500 1.54 13900 1.63
a. Prec. = Polymer after purification by precipitation.
b. Determined using polystyrene molecular weight standards in DMF solvent.
c. Crude = Polymer as synthesized without purification.
 Although the synthesis of 20 was successful, it  required the synthesis of the initiator. 
Ideally a commercially available initiator could be used such as propargyl alcohol.  This 
polymerization proved more difficult because of the reduced stability of propargyl alcohol.  In 
addition, this initiator has a significant  vapor pressure at the elevated temperatures of the 
polymerization, and there is only  1 alcohol group per initiator.  When the polymerization was run 
neat, a black sludge formed in the reaction and the resulting polymers retained this dark 
discoloration.  Using an excess of diglyme yielded an uncontrolled polymerization and the 
polymer produced had an Mw/Mn > 2 presumably as a result of precipitation of the polymer 
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during the reaction.  The use of NMP, a solvent  commonly used for HPG polymerizations,29 was 
not compatible with propargyl alcohol and the strong base used in the polymerization.
 With the use of an appropriate ratio of propargyl alcohol to solvent (20% propargyl 
alcohol) and thorough degassing of the reaction vessel the polymerization yielded a lightly 
colored polymer, 21, which provided monomodal SEC curves with Mw/Mn under 1.5.  An 
example is shown in Figure 1.2b “crude” using 27 equivalents of glycidol.  The crude polymer 
had an Mn(sec) of 8200 g/mol and an Mw/Mn of 1.5 based on polystyrene standard calibration. 
Whereas extensive methodology may be conducted to determine optimum conditions to improve 
polydispersity an alternative approach using fractionation was employed.  Fractionation was 
performed by precipitating polymer solutions from methanol with the slow addition of acetone. 
A test precipitation of crude 21 showed that precipitation began when the volume of acetone 
reached 40% and continued until the majority  of the mass had precipitated with a 70% acetone in 
methanol solution.  Based on the test results, 3 fractions were isolated from the crude material 
and their Mn and Mw/Mn are shown in Table 1.2.  Inverse gated 13C NMR experiments showed 
that the degree of branching was 58% for each fraction.28  This is important because it provides 
evidence that the fractionation separates the polymers based on mass and not molecular structure. 
In addition, both the synthesis and the fractionation was conducted on a multi-gram scale 
demonstrating the practicality of this synthetic approach.  Note that references to compound 21 
in the text refer to polymers with the general structure of 21, and the specific molecular weight of 
the polymer will be given in the text throughout the remainder of the dissertation unless a 
specific fraction is stated.
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Figure 1.2.   SEC traces (DMF, 1 mL/min flow rate) of HPG synthesized using alkyne initiators.  (a) HPG 
synthesized from 17 with 25, 50,  75, and 100 equivalents of glycidol.   (b) Synthesis and fractionation of 21.  Crude 
refers to the polymer purified by acetone precipitation.  This polymer is fractionated using acetone to produce 
fractions labeled, from high MW to low MW, 1, 2, and 3.
Table 1.2. SEC characterization of 21 along with fractionated products.
Polymer Mn (theor) g/mol Mn (SEC)a g/mol Mw/Mna Mass (g)
Crude 2050 8200 1.5 90 (83% yield)
Fraction 1 14000 1.35 20.1
Fraction 2 11600 1.26 29.0
Fraction 3 7500 1.25 34.5
a. Determined using polystyrene molecular weight standards in DMF solvent.
 Because of the limitations of propargyl alcohol as an initiator described earlier, it was 
important to demonstrate that the alkyne was incorporated into the polymer scaffold.  The most 
convincing evidence was the MALDI spectra that showed that the MWs of the polymer obtained 
corresponded to the mass of the initiator plus the mass of the glycidol units.  Figure 1.3 shows a 
MALDI spectrum obtained from 21, fraction 3.  Because HPG is a polymer with a distribution of 
molecular weights, a single mass is not observed.  Instead a series of peaks is obtained with each 
peak separated by the mass of the monomer.  Several series can be seen in the spectra that differ, 
depending on the initiator incorporated into the polymer, and the ion that the polymer is 
associated with (Na or K).  In Figure 1.3 the series with the highest intensity corresponds to the 
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incorporation of the propargyl alcohol initiator and Na+, and the second most intense series 
corresponds to the propargyl alcohol initiator and K+.  Two smaller series are also visible which 
correspond to self initiated glycidol and Na+ or K+.
Figure 1.3.  MALDI spectra of 21 fraction 3.  Peaks labeled correspond to polymers having a mass equivalent to the 
mass of Na, propargyl alcohol,  and 20, 24,  or 28 glycidol units.  The peak separation is equal to the mass of glycidol, 
74.01 g/mol.
 Figure 1.4 shows the 1H NMR spectra of 21, fractions 2 and 3.  Fraction 1 is not shown 
because the peaks of the initiator become indistinguishable as the MW of the polymer increases. 
The large broad peaks between 3.4 and 4 ppm are prevalent in all 1H NMR spectra of HPG and 
correspond to the protons on the backbone of the polymer.  The two outlier peaks at 2.95 ppm 
and 4.2 ppm correspond to the terminal alkyne proton and the methylene protons α to the alkyne 
respectively.  The methylene peak at  4.2 ppm correlates with those predicted by  1H NMR 
estimations based on chemical shifts tables provided by Pretsch37 (4.11 ppm) as well as similar 
compounds in the literature.38 The integration ratio of the two peaks is 1:2 as expected.  Based on 
the MALDI data and the similarity of the polymers in the sample it was assumed that the initiator 
incorporated into the majority  of the HPG polymers.  However, only a qualitative comparison 
can be made when interpreting MALDI spectra.  Also note that the intensity  of the propargyl 
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peaks in the 1H NMR are much larger for the smaller polymer, fraction 3, than the larger fraction 
2 as expected.
Figure 1.4.   1H NMR (500 MHz, CD3OD)of fractions obtained from 21 taken in CD3OD.  The peaks corresponding 
to the terminal alkyne “a” and the alkyne methylene “b”.  The polymer backbone is the large overlapping peaks 
labeled “c”.
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1.3.4  Molecular Weight Characterization
 Molecular weight determination of 20 and 21 proved challenging as typical methods for 
molecular weight characterization, SEC, MALDI, and NMR were each deficient in some way. 
In the case of lower molecular weight HPG (Mn < 3000 g/mol), such as fraction 3 of 21 (Figure 
1.3), MALDI provides a symmetric series of peaks that are similar in mass to that expected by 
1H NMR and the theoretical mass.  As the mass increases based on SEC, such as fractions 1 and 
2 of 21, the intensity of the peaks in the MALDI spectra decreased and almost no peaks are 
observed for polymers with MWs above 6000 g/mol.  Instead lower molecular weight impurities 
are observed.  Analytical SEC traces have been analyzed using traditional calibrations based on 
linear polystyrene.  Because the structure and mass of the calibration polymer is different from 
HPG, this data is useful only to compare one HPG to another, but doesn’t  provide absolute 
molecular weight data but it is generally higher than that predicted by other methods, especially 
for lower molecular weights.  Because of the branched structure of HPG it is surprising that Mn 
determined using linear polystyrene overestimates Mn determined by other methods such as 
MALDI and NMR.  This overestimate of Mn was also observed by  Frey  et al.28  1H NMR 
provides the most convenient method for molecular weight calculations using end group 
analysis.  Using the methylene peak of the initiator at 4.11 ppm the average mass of the polymer 
can be determined using the ratio of the initiator and the polymer backbone between 3.4 and 4.0 
ppm.  Because this method does not account for self initiated polymers this method should 
overestimate the mass.  However, 1H NMR end group analysis is assumed to be more accurate 
than MALDI or SEC and masses given in the rest of the text use this method. 
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 The Mw/Mn was also obtained by analytical SEC using linear standards.  The values 
reported here are in line with those reported for similar polymerizations.28,29,31  Simulation 
studies by Frey  et al.39 and analytical methods by Müller et al.40 have been performed for 
polymerizations that use slow addition of a bifunctional monomer to a core molecule containing 
multiple reactive groups.  Both studies concluded that the MwMn of the resulting polymer should 
be described by the equation MwMn = 1 + 1/f where f is the number of reactive groups on the 
core.  Thus the Mw/Mn for polymers produced from core 17, shown in Table 1.1, are well within 
reason for this type of polymerization.  However, polymer 21 produced from propargyl alcohol 
are below that predicted by theory, Mw/Mn =1.5 compared to a prediction of 2, Table 1.2. 
 Several factors may influence this reduced polydispersity.  First, the precipitation of the 
polymer during the purification may result in a crude fractionation of the polymer.  In the case of 
polymer 20, precipitation resulted in a reduction of Mw/Mn between 0.1 and 0.4, see Table 1.1. 
Second, the use of linear standards to measure the Mw/Mn of a branched polymer may not yield 
accurate results.  Zimm and Stockmeyer describe the decrease in the size of a branched polymer 
compared to its linear analogue as the branching factor g = Rg(branched)/Rg(linear).41  The branching 
factor decreases with the number of branches in the polymer.  Because the number of branches in 
the polymer increases with molecular weight, the size of the polyglycerol should decrease 
proportionally  to its linear analogue42 with increasing molecular weight resulting in a reduction 
in the SEC determined Mw/Mn.
1.3.5 Expanding the molecular weight range of core functional HPG
 One of the early challenges to HPG synthesis was extending the MW range beyond 
10,000 g/mol.  The first example was reported by Brooks et al.43 using dioxane or diglyme as an 
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emulsifying agent.  Using this method molecular weights of up to 800,000 g/mol were obtained, 
but only dioxane solvent yielded polymers with a narrow Mw/Mn. Control of MW was limited 
and deviated by an order of magnitude or more from the theoretical MW based on the initiator to 
monomer ratios.  An alternative route by Frey et al.44 to high molecular weight HPG uses a two 
step route.  The first step is the synthesis of a low MW HPG.  This low MW HPG is then used as 
the initiator in a second polymerization.  This method yields polymers with predictable 
molecular weights, but is still limited to only 25,000 g/mol.
Scheme 1.6. Synthesis of core functional HMWHPG 22.
 To expand the molecular weight limits on core functional HPG we adapted Brooks 
polymerization method using propargyl alcohol as initiator and dioxane as emulsifying solvent to 
produce HMWHPG 22 in reasonable yield, Scheme 1.6.  SEC analysis showed that 22 had an Mn 
> 50,000 g/mol and no low MW impurities.  Because the Mn exceeded the MW cut-off (MWCO) 
of the column no additional information could be obtained.  HPG polymer 22 was to large to 
obtain any data based on 1H NMR, only monomer backbone peaks were observed above the 
baseline.  Dynamic light scattering (DLS) measurements indicated that  the polymer had a 
hydrodynamic diameter of 14.0 nm and a polydispersity of 0.11.  Literature values for DLS 
measurements of HMWHPG43 indicate that the hydrodynamic radius Rh, increases with MW as 
Rh = 0.122*MW0.32.  Using this equation, an estimate of MW was determined to be 315,000 g/
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mol.  However, none of these techniques could verify that the alkyne initiator had been 
incorporated into any of the polymers.
1.4 COMPLEX POLYMER ARCHITECTURES USING ALKYNE CORE 
HYPERBRANCHED POLYGLYCEROL AND CLICK CHEMISTRY
 Because of its selective and orthogonal nature click chemistry has emerged as an 
excellent method for polymer functionalization and the synthesis of complex architectures45,46 
where side reactions can lead to cross-linked and insoluble materials.  Some prominent examples 
include cyclic polymers synthesized by Laurent  and Grayson47 and dendronized linear polymers 
synthesized by  Fréchet et al.48  Here we hope to demonstrate the versatility of the alkyne 
functional HPG as a synthetic tool for building complex polymeric systems.
1.4.1 Monofunctionalization of HPG
 By virtue of the single alkyne group at the focal point, 20, 21, and 22 can be covalently 
linked to a broad range of compounds and materials using standard click chemistry.49,50  To 
illustrate this potential in a chemical biology context, 21 was reacted with biotin azide 23 to give 
24 and also clicked to fluorescein azide 25 giving fluorescent HPG 26, Scheme 1.8.51,52  24 and 
26 showed no signs of cross-linking based on SEC traces as a result of the orthogonal nature of 
the click reaction.  Figure 1.6 and 1.7b shows the SEC trace of 24 and compares the RI and UV 
signal at 495 nm.  The incorporation of the fluorescein group into the polymer is confirmed by 
the overlap of these two signals, one from the polymer, the other from the attached dye.  The 
molar absorptivity, ε, for 24 was 68,000 M-1 cm-1 at 495 nm which is in excellent agreement with 
known values of FITC derivatives.53  For compounds 24 and 26 1H NMR was also used to 
confirm the incorporation of the compounds biotin and fluorescein respectively most  notably by 
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the appearance of a new peak at 8.1 corresponding to the proton of the triazole ring as shown in 
Figure 1.5.
Scheme 1.7. Synthesis of monofunctional HPG via click chemistry.  R is the same as in Scheme 1.5.  Mn of 21 is 
2500 g/mol in the top reaction and 6000 g/mol in bottom reaction.
 Fluorescein conjugation was also used to characterize the HMWHPG 22 described 
earlier.  The reaction was performed in the same manner as described for compound 26 to 
synthesize compound 27.  The 1H NMR spectra of 27 was dominated by the polymer backbone 
as expected based on the starting material and MW.  UV-Vis and SEC does provide some 
evidence that fluorescein has been incorporated into 27.  Figure 1.7 shows a comparison of the 
two polymers, 26 and 27.  In both cases the RI and UV signal overlap indicating the dyes are 
attached to the their respective polymers.  However, the relative signal strength of the UV-Vis 
and the RI detector for 26 and 27 varies greatly.  The ratio of the RI signal to UV signal is 40 
times greater for 27 than 26.  This is expected given the larger mass of 27 for each fluorescein 
unit that can be incorporated assuming a 1:1 ratio of alkyne initiator per polymer.  Based on this 
ratio, and the Mn of polymer 26, 6000 g/mol, the Mn of 27 should be 240,000 g/mol.  There are 
several factors that reduce the accuracy of this MW calculation.  For example non-linear scaling 
of RI with mass, and the possibility that both polymers do not have a fluorescein unit 
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incorporated  into every individual polymer.  However because the Mn calculated by this method 
is within 35% of the MW of the starting polymer determined by DLS it  does provide some 
evidence that there is incorporation of one fluorescein unit into each polymer 27.
Figure 1.5.  1H NMR (500 MHz, CD3OD) comparison of biotin azide, 23, before and after click reaction with 21. 
The peak at 8.09 ppm is characteristic of the proton of the triazole.  Proton “n”, α to the azide has also shifted from 
1.95 to 4.42 ppm.  Other peaks remain mostly unchanged except for increased broadness characteristic of a small 
molecule attached to a polymer.  Mn of 21 is 2500 g/mol.  Mn of 24 is 2740 g/mol based on the 185 protons in the 
polymer backbone.
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Figure 1.6.   SEC traces (aqueous solution, 1 mL/min flow rate) following time course of reaction of 25 with 26.  a) 
RI signal of all four time points.   Detector signals are normalized.   b) Initial time point,  prior to addition of CuI. 
Fluorescein is present in the reaction mixture but is removed by filtration prior to injection.  No UV-Vis signal is 
detected verifying the polymer does not absorb at 488 nm.  c) Incomplete reaction indicated by the RI signal trailing 
the absorbance signal.  d) Overlap of the UV and RI signal indicates that the reaction is complete.  e) Final purified 
polymer.
Figure 1.7.   SEC traces (aqueous solution, 1 mL/min flow rate) showing absolute intensity signal from UV-Vis 
detector at 488 nm and RI detector running a) 27 and b) 26.  UV signal and RI signal overlap indicating the dye and 
polymer are linked.  Ratio of UV and RI peak area is 0.95 for 27, and 38 for 26.
1.4.2 HPG capped gold nanoparticles (GNPs) from mono-amine functionalized HPG
 The optical properties of GNPs54 make them well suited for biological imaging 
applications and photothermal therapy.55  Because of their biocompatibility  and resistance to 
protein adsorption,56 it  is expected that HPG will also be useful as a NP-based surface 
coating.  Surface coatings made from the non-ionic HPG should provide additional colloidal 
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stability  in ionic solutions because their surface repulsion does not rely on charge 
interactions making it similar to PEG.57,58  Indeed a number of papers report  the use of HPG 
as a coating for gold surfaces56,59 and comparisons to PEG have shown that the branched 
structure of HPG is a more effective barrier to protein absorption.30  Surprisingly, there has 
only been one report of GNPs capped with HPG. These GNPs were capped with HPG 
containing multiple amine substituents and had a positively charged surface potential (zeta 
potential = 17.4 ± 0.8 mV).60  
Scheme 1.8. Synthesis of HPG capped GNPs using amine functionalized HPG.
 A synthesis of neutral water-soluble GNPs is shown in Scheme 1.8.  Simple 
transformation of 21 (Mn = 3000 g/mol) to monoamine 28 was accomplished using the 
amino azide 29.  Thiols and amines are well-known to undergo the exchange reaction with 
citrate molecules as shown in Scheme 1.8.61,62  Thus, 28 was used to coat  13.5 ± 1.1 nm 
diameter, citrate-capped gold NPs 30, prepared using the Frens method (Figure 1.8).63 
Addition of 28 to an aqueous suspension of 30 led to aggregation, which was confirmed by DLS. 
One possible explanation for aggregation is the intermediate gold particles have exchanged a 
substantial amount of charged citrate groups and no longer have sufficient electrostatic repulsion 
to prevent aggregation prior to the complete coating of the HPG layer.  The use of a polar organic 
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solvent, DMF, which could solubilize the GNPs throughout the exchange process (see Figure 
1.9) allowed the ligand exchange to take place.  The stable HPG-capped GNPs, 31, were isolated 
by centrifugation and could be resuspended in DI water without aggregation.
Figure 1.8 a) Transmission electron micrographs of citrate-capped GNPs (left) and HPG-capped GNPs (right). Scale 
bar = 50 nm. b) UV-Vis spectra of citrate-capped GNPs (solid line) and HPG-capped nanoparticles (dashed line). c) 
Zeta potential and hydrodynamic diameter values of citrate-capped GNPs and HPG-capped nanoparticles.
 Functionalization of the GNPs was confirmed by  an increase of hydrodynamic diameter 
of 2.7 nm and a change in the zeta potential from −30.2 ± 4 mV to −0.01 ± 4 mV for 31 as 
expected for the non-ionic HPG polymer surface.  UV-Vis confirmed that the particles remained 
dispersed as shown in Figure 1.8b.  The stability  of these particles was tested by  observing their 
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resistance to salt induced precipitation.  Unlike citrate-capped GNPs which precipitated in a 
matter of minutes, 31 was stable for a period of days (Figure 1.10).
Figure 1.9 Left) UV-Vis spectra of Citrate-capped GNPs (solid line) in water and same GNPs suspended in DMF 
(dashed line). Right) Optical photographs of citrate-capped GNPs in DMF (left) and water (right). 
Figure 1.10 Left) UV-Vis spectra of HPG-capped GNPs in water (solid line) and in 1X PBS buffer solution (dashed 
line). Right) Citrate-capped GNPs suspended in water (solid line) and in 1X PBS buffer solution (dashed line). 
Insertion in the right) Optical photographs of citrate-capped GNPs in water (red solution) and in 1X PBS buffer 
solution (blue vial).
1.4.3  Synthesis of dendronized polymers
 To demonstrate the utility of polymer 21 in a more challenging macromolecular synthesis 
we set out  to create a simple route to dendronized polymers by the grafting to method.  These 
polymers represent a unique structure in macromolecular chemistry because their bulky side 
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chains induce a steric constraint on the polymer backbone leading to an anisotropic structure 
capable of presenting multiple groups similar to dendrimers.64  
Scheme 1.9.  Synthesis of HPG dendronized styrene using one pot, in situ click reaction.
 The synthesis begins with the formation of the linear backbone, 32, that is obtained from 
a TEMPO-mediated controlled free radical polymerization of vinylbenzyl chloride (VBC).65  The 
polymer obtained had an Mn of 23,000 g/mol based on SEC and an Mw/Mn of 1.36 which is in the 
range expected for a controlled radical polymerization.66  The use of a pre-made nitroxide 
catalyst67 did not improve the polydispersity of the polymer obtained.  Polymer 32 was used to 
synthesize 33 by first transforming it into the poly(vinylazide) 34 through treatment with sodium 
azide in DMF followed by attachment of 21.  SEC traces of 34 showed no signs of dimerization, 
and 1H NMR verified the complete consumption of the chloride, Figure 1.11.
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Figure 1.11. 1H NMR (top, middle 500 MHz, CDCl3, bottom 500 MHz, D2O) of 32, 33, and 34.   The complete 
conversion of the chloride to the azide is confirmed by the shift of the methylene peak at 4.5 ppm.  The styrene 
backbone becomes almost completely lost due to the much larger HPG backbone present in the dendronized 
polymer.
 An initial attempt at the synthesis of 33 was performed using CuI in DMF in the presence 
of 21 (Mn = 1500 g/mol).  However, attempts to repeat this reaction produced an insoluble gel, 
presumably because of cross-linking of the azide groups on the polymer backbone.  To 
circumvent this side reaction an in situ click reaction68 was performed by mixing 32, NaN3, 21 
(Mn = 1500 g/mol) and CuI which produced 33 without the need to prepare 34.  MALDI was not 
useful for characterizing the polymer because of its large size.  1H NMR of the purified polymer 
showed almost exclusively peaks corresponding to the grafted HPG, Figure 1.11 bottom spectra, 
making the determination of the degree of incorporation of 21 by this method difficult.  Instead 
SEC was used to follow the incorporation of 21 into the polymer backbone (see Figure 1.12a). 
The ratio of the RI signal of the product polymer 33 and the monomer 21 is shown in Figure 
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1.12b.  Based on the RI ratios, over 60% of the mass of 21 was incorporated into the polymer. 
However, the dn/dc value for polymers 33 and 21 may not be equivalent as a result of the 
different mass and structure.  Thus a second test based on nitrogen production upon treatment 
with triphenylphosphine was also conducted.  This test  yielded a mass per azide of 2400 g/mol 
and showed that approximately 51% of the azide groups had reacted.
Figure 1.12.  a) SEC traces (DMF column, 1 mL/min) from the reaction of 33 with 21 using the in situ azide 
displacement click reaction.  Each curve has been normalized to the peak height of the monomer 21.   b) Ratio of the 
two peaks observed over time, representing the apparent mass ratio of the product 33 and monomer 21.
1.4.4  Synthesis and characterization of a core shell nanocarrier
 As with GNPs, drug delivery agents such as unimolecular micelles rely on a 
biocompatible surface coating for extended circulation and for minimizing toxicity.69,70  Recently 
we reported a method for the synthesis of degradable dendrimers and hydrogels utilizing 1,3,5- 
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tri-azaadamantane (TAA) monomer units.71,72  These hydrophobic dendrimers are acid-labile but 
lack water solubility.  
 Because they are built through a series of click reactions, TAA dendrimers such as 35, 
Scheme 1.10, present an excellent synthetic scaffold for the synthesis of acid-sensitive 
unimolecular micelles by attaching 21 to the dendrimer surface using click chemistry.  The TAA 
units are degradable under acid conditions which is potentially  useful for targeting acid 
microenvironments in the body such as tumors73-76 sites of inflammation77 and endosomal 
compartments.78,79  Previous attempts to produce water soluble TAA dendrimers was 
accomplished by the attachment of multiple short  PEG chains to the dendrimer surface.  These 
polymers were water soluble and capable of binding hydrophobic guests but were unable to 
release encapsulated guest molecules upon degradation71 possibly because of aggregation of the 
degradation products.
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Scheme 1.10.  Synthesis of unimolecular micelle using 2nd generation TAA dendrimer and 21.
 Scheme 1.10 shows the synthesis of the unimolecular micelle 36 starting with a 
second generation TAA dendrimer 35.  Dendrimer 35 was synthesized using the procedure 
of Kohman et al.72  This core compound has a MW of 11,402 g/mol and 27 azide groups on 
it’s surface.  Dendrimer 35 was reacted with one equivalent  per azide of 21 (Mn = 3000 g/
mol) in DMF with CuI and DIPEA to produce 36.  The reaction was monitored by SEC and 
was stopped after 24 as there was no noticeable change between the sec traces after 8 and 
24 hours.  Polymer 36 was purified using SEC and dialysis, however some small amount of 
the starting polymer still remained (10% based on SEC).  DLS measurements of 
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concentrated solutions of 36 (2.5 mg/mL) indicated that the polymer is monomeric in 
phosphate buffer with an average hydrodynamic diameter of 8.4 nm, Figure 1.15.  This is 
smaller than that observed for 22.  Thus, 36 was fully water soluble and showed no signs of 
aggregation despite the IR spectrum indicating the presence of unreacted azide groups (see 
Figure 1.14).  An MTT based cell viability assay showed that the polymer is well-tolerated 
by cells at concentrations up to 0.75 mg/mL with a toxicity profile similar to HPG alone, 
(see Figure 1.13).22,23
!Figure 1.13.  Results of MTT based cell viability assay of compound 36.  See Experimental section for conditions.
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Figure 1.14.  IR (Salt plate, thin film) and SEC (DMF, 1 mL/min) characterization of 36.  Main features of IR is the 
loss of the Azide peak at 2100 cm-1 in the HPG adduct.  The SEC clearly shows each component of the reaction 
indicating that all of dendrimer 35 has participated in the reaction, and only a small fraction of the starting polymer 
remains.  Note that the SEC curve of 36 does not accurately reflect the MW distribution of the polymer, as the sharp 
peak is caused by the MW cutoff of the column.
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Figure 1.15.  Size distribution of a 2.2 mg/mL solution of 36 in 100 mM pH 7.4 sodium phosphate buffer.  The 
average hydrodynamic diameter is 8.4 nm.
 The hydrophobic interior of 36 makes it a candidate for use as a drug delivery agent and 
because 36 is a single molecule it does not suffer from a critical micelle concentration (CMC) 
typical for micelle structures.80  The fluorescence of 1-Anilino-8-sulfonic acid (ANS) is a well 
established method for determining the polarity of microenvironments81 as the dye is excited to 
either a radiative singlet state in non-polar environments or a charge transfer state that is readily 
quenched in polar environments,82 thus an increase in fluorescence should be observed if the dye 
partitions into 36.  A plot of fluorescence against [36] exhibits a 1:1 binding isotherm with an 
apparent Ka = 2.0 x 104 M-1 (see Figure 1.16).  To further verify that the guest is encapsulated in 
a single polymer and not in polymer aggregates, the fluorescence enhancement at lower 
concentrations was measured.  Under these conditions, a linear dependence of fluorescence was 
observed down to 20 nM with no CMC indicating that 36 does not aggregate under these 
conditions.
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Figure 1.16.  Titration of 36 into a solution of ANS.   Inset, fluorescence max verse dendrimer concentration.
 The enhanced fluorescence observed for encapsulated ANS provides a convenient 
method of monitoring dendrimer degradation.  Thus, the fluorescence of ANS at various pH 
values was monitored during the addition of 2.4 equivalents of 36 as shown in Figure 1.17. 
Time-dependent fluorescence plots show a spike with addition of 36 as a result of the 
uptake of the dye into the hydrophobic interior.  This is followed by  a first order decay of 
the fluorescence as the dendrimer degrades and the dye is released back into solution.  The 
decay is pH dependent with steady state fluorescence reached in 5 min at pH 1.7 and over 4 
h at pH 4.  When the same experiment was conducted in the absence of ANS a marginal 
increase in fluorescence was observed that  quickly reached a steady state indicating the 
fluorescence resulted from dye encapsulation and not from the polymer itself.
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Figure 1.17.  Fluorescence decay of ANS upon addition of 36 in acidic solution.   Initial time points are 
fluorescence of ANS prior to addition of the dendrimer.  a) A fluorescence spike is observed upon addition of 
36.  Inset, degradation curves at higher pH values.  b)  Absolute fluorescence of a pH 2.5 buffer solution with 
and without ANS upon addition of 36.  See experimental section for conditions.
 The degradation of the TAA core was also monitored by  1H NMR to confirm that the 
dendrimer was degrading and that  the fluorescence loss is not a result of other factors such 
as the acidic solution or photobleaching.  The appearance of the aldehyde peak at 10.5 ppm 
provides a diagnostic signal for the degradation of the dendrimer core, and the overall 
sharpening of the peaks in the aromatic region is also indicative of a degradation product 
that is free in solution, Figure 1.18.  A comparison of the dendrimer degradation and the 
fluorescence decay of ANS is shown in Figure 1.19.  The two rates are similar, though the 
fluorescence decay lags slightly  behind the dendrimer degradation.  The results indicate that 
the two processes are occurring on a similar time scale and that the fluorescence decay 
results from dendrimer degradation and not fluorophore degradation.
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Figure 1.18.   1H NMR spectra of 36 over a period of 6 hrs in a pH 4.0 phosphate buffer.  New peaks 
corresponding to aldehyde of dendrimer are observed at 10.5 ppm and labeled A.  Sharpening of the aromatic 
region also observed at 7.5-8.2 ppm in the transition from the aromatic protons on 36 labeled “D” to the 
aromatic protons on 37 labeled “B”.  Ratio of peak at “A” and the sum of “B” and “D” was used to determine 
the degree of degradation.  See experimental section for conditions.
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Figure 1.19.  Evaluation of degradation of 36.   a) 1H NMR of degradation zoomed in on the aromatic and 
aldehyde region.  For full spectrum see Figure 1.18.  b) Degradation time points (black squares) and curve fit 
(red line using a first order decay) based on 1H NMR data.  The fluorescence degradation at pH 4.0, black line 
is also shown.  See experimental section for conditions.
1.5 SUMMARY AND CONCLUSIONS
 The preparation of a new core functional HPG was described that incorporates a 
clickable alkyne group.  The polymers were synthesized using either commercially 
available starting materials, or a pentaerythritol derivative synthesized in three steps. 
Smaller polymers with MW’s < 10,000 could be obtained using a standard protocol 
involving minimal solvent and slow addition of glycidol monomer.  Higher MW’s were also 
achieved using additional solvent and slow addition using the Brooks method.43  These 
polymers could be used to incorporate single molecules such as biotin or fluorescein into 
HPG using click chemistry.  The alkyne was also useful to add new functionality  to the core 
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using click chemistry  by reaction with an amino azide to produce a monoamine HPG useful 
for capping GNPs.
 In addition to small molecule attachment, two complex macromolecular structures 
were synthesized.  The first example was a dendronized polymer synthesized using a 
grafting to approach.  The reaction used an in situ azide displacement to click 21 onto a 
poly-benzylchloride backbone in a single step, circumventing the need to isolate the 
unstable poly-benzylazide polymer backbone.  The second example involved a core shell 
nanoparticle, which uses an acid labile dendrimer core coated with HPG.  This unimolecular 
micelle did not aggregate in aqueous solutions and was capable of encapsulating a 
hydrophobic guest.  The acid labile core was shown to readily degrade in aqueous acid 
solutions, and the hydrophobic guest molecules are released as the host is degraded.
1.6 EXPERIMENTAL
1.6.1 General Methods, Materials, and Instrumentation
This general method section applies to all the experimental procedures in this dissertation
 All reactions were performed under an atmosphere of N2 unless otherwise stated.  All 
chemicals were purchased from Sigma Aldrich unless otherwise stated and were of reagent grade 
quality.  Chemicals were used as received unless stated below.  DMSO was dried over 4Å 
molecular sieves.  Diglyme was distilled under reduced pressure from NaH.  Glycidol was twice 
distilled under reduced pressure.  Propargyl alcohol was distilled under nitrogen.  HOBT was 
purchased from Nova Biochem.  EDCI was purchased from Advanced Chemtech.  11-
Azido-3,6,9-trioxaundecan-1-amine (≥90%) was obtained from Fluka.  Compound 35 was 
synthesized as described previously  in our lab.72  Benzoylated dialysis membranes (MWCO = 
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2000 Dalton) were purchased from Sigma Aldrich.  Dialysis cassettes (Float-A-Lyzer dialysis 
tubes, MWCO = 50,000 g/mol) were purchased from Spectra Pro.  Reactions were monitored by 
TLC using silica gel 60 F254 on glass plates (Aldrich). Gravity and flash chromatography was 
performed with SiliaFlash® P60 silica gel (SiliCycle).  TLC bands were visualized by UV or I2 
stain.  BioWhittaker® 10X PBS (phosphate buffered saline) was obtained from Lonza.  All 
solvent ratios are reported in % v/v unless otherwise noted.  Aqueous SEC was performed using 
Bio-Rad Bio-Gel® p-10 Gel medium mesh eluting in 20% methanol in water.
Organic based analytical SEC was performed using a Viscotek Viscogel I series LMW 
cutoff 2x, and HMW cutoff 1x columns in series with 0.05% (w/w) LiBr in DMF as the eluent 
with a column temperature of 50 °C and a flow rate of 1.0 mL/min.  Peak detection was achieved 
by a Viscotek triple array 300 refractive index detector.  SEC-derived molecular weights were 
based on calibration with linear polystyrene.
Aqueous based analytical SEC was performed using a a Waters Ultrahydrogel™ 120 1x 
and Ultrahydrogel™ 250 1x columns in series with 0.01% (w/w) NaN3 in water as the eluent 
with a flow rate of 1.0 mL/min.  Peak detection was achieved using a Hitachi L-4000H UV-Vis 
detector and Viscotek VE3580 refractive index detector for the aqueous column.  SEC-Derived 
molecular weights were based on calibration with linear PEG.
1H NMR and 13C NMR data was obtained on a 500 MHz Varian U500 instrument at the 
VOICE NMR laboratory at the University  of Illinois.  Chemical shifts are reported in parts per 
million (ppm) and coupling constants are reported in Hertz (Hz).  1H NMR spectra obtained in 
CDCl3 were referenced to residual CHCl3 at  7.26 ppm, CD3OD spectra were referenced to 
residual CD2HOD at 3.31 ppm, and D2O were referenced to residual HDO at 4.79 ppm. 13C 
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NMR spectra obtained in CDCl3 were referenced to 77.0 ppm and CD3OD spectra were 
referenced to 49.0 ppm. 1H NMR end group analysis based on methylene peak at 4.18 ppm and 
polymer backbone 3.9 – 3.4 ppm assuming 74.01 g/mol per 5 H.  MALDI MS spectra were 
obtained on an Applied Biosystems Voyager-DE STR mass spectrometer.  Matrices employed in 
the collection of MALDI spectra were dithranol and 2-(4-hydroxyphenolazo)benzoic acid 
(HABA).  Data were calibrated to an external standard solution of insulin and cytochrome C. 
High resolution ESI mass spectra were obtained using a Micromass Q-Tof Ultima.  High 
resolution CI mass spectra were obtained on a Micromass 70-VSE.  Fluorescence experiments 
were performed using a Horiba Jobin Yvon FluoroMax-3 in either the spectral emission or 
kinetics modes.  IR spectra were collected on a Matson Galaxy Series FTIR 5000 with samples 
cast as thin films on NaCl plates.  Absorption spectra were taken on a CARY 500 Scan UV-Vis-
NIR spectrophotometer.  Transmission electron microscopy (TEM) data were obtained with a 
JEOL 2100 Cryo-transmission electron microscope operating at 200 kV. TEM  grids were 
prepared by drop casting 7.0 µL of the purified gold nanoparticle solution on the TEM grids and 
drying them in atmosphere.  Zeta potential and dynamic light scattering measurements were 
performed on a Brookhaven Zeta PALS instrument.  Melting points were measured with a 
Thomas Hoover melting point apparatus and are uncorrected.
1.6.2 Synthesis
1-Methyl-4-prop-2-ynyloxymethyl-2,6,7-trioxa-bicyclo[2.2.2]octane (17).  A mixture of 7.6 g 
(190 mmol, 2.8 equiv) of crushed KOH in 40 mL of DMSO was cooled in a 10 °C ice water bath 
before adding 10.8 g (67 mmol, 1 equiv) (1-methyl-2,6,7-trioxa-bicyclo[2.2.2]oct-4-yl)-methanol
(16).35  The slurry was stirred for 5 min.  A solution of 11.25 mL (163 mmol, 2.4 equiv) of 
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propargyl bromide (80% in toluene) was slowly added to the mixture dropwise.  The solution 
was kept on ice for 5 min.  The ice bath was removed and the reaction warmed itself (caution!
exothermic reaction).  The mixture stirred 35 minutes, at which time it had cooled to room 
temperature.  The mixture was diluted with 100 mL ethyl acetate and 20 mL water.  The biphasic 
mixture was filtered and poured into a separatory funnel and the aqueous layer was removed. 
The organic layer was washed three times with 50 mL portions of water.  The organic layer was 
dried over sodium sulfate and concentrated and passed through a silica plug (5:1 petroleum 
ether:ethyl acetate).  The resulting orange solid was dissolved in a minimum of ethyl acetate and 
precipitated with petroleum ether to give 5.8 g (43%) of a white crystalline solid.  Attempts to 
recrystallize by standard heating and cooling resulted in  decomposition. 1H NMR (500 MHz, 
CDCl3) δ 4.09 (d, J = 1 Hz, 2H), 4.00 (s, 6H), 3.29 (s, 2H), 2.44 (t, J = 1 Hz, 1H), 1.45 (s, 3H). 
13C NMR (500 MHz, CDCl3) δ 108.5, 78.7, 75.1, 69.3, 67.9, 58.6, 34.6, 23.3.  MS (HRCI) m/z 
199.0973 (M + H+), theoretical 199.0970.  mp 80.5-82.5 °C.
2,2-bis-Hydroxymethyl-3-prop-2-ynyloxy-propan-1-ol (15).  A 1 mL solution of 1 M HCl was 
added to a 3.89 g (19.6 mmol) sample of 17 suspended in 20 mL 3:1 H2O:MeOH.  To the 
solution was added 10 mL of H2O and the clear solution was stirred overnight at room 
temperature.  The solution was basified to pH 10 with saturated NaHCO3 and stirred 24 h.  The 
reaction was filtered and the solvent was removed under vacuum.  The resulting solid was 
suspended in methanol and the insoluble salts were removed by  filtration.  Solvent removal 
produced a free flowing oil which was purified by column chromatography using silica gel (1:4 
petroleum ether:ethyl acetate) to give 2.61 g (75%) of a clear oil.  1H NMR (500 MHz, CD3OD) 
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δ 4.14 (d, J = 2.5 Hz, 2H), 3.60, (s, 6H), 3.52, (s, 2H), 2.83 (t, J = 2.5 Hz, 1H). 13C NMR (500 
MHz, CD3OD) δ 79.8, 74.9, 69.4, 62.0, 58.4, 45.6.  MS (HRES) m/z 175.0973 (M+), theoretical 
175.0970.
4-Azidomethyl-1-methyl-2,6,7-trioxa-bicyclo[2.2.2]octane (18).  To a 5 g sample of 16 (31 
mmol, 1 equiv) and 340 mg of DMAP (3.1 mmol, 0.1 equiv) dissolved in 20 mL of dry CH2Cl2 
was added 6.5 mL dry of TEA (47 mmol, 1.5 equiv) via syringe.  The solution was put on an ice 
bath and allowed to cool and 7.1 g of p-toluenesulfonyl chloride (37 mmol, 1.2 equiv) was 
added.  The solution was stirred 5 min and removed from the ice bath.  The solution warmed and 
turned yellow as a white precipitate formed.  The solution was stirred 1.5 h under nitrogen.  The 
solvent was removed under reduced pressure and the residue was dissolved in 20 mL of DMF. 
To this solution was added 7.5 g of sodium azide (115 mmol, 3.7 equiv) in 1 portion.  The 
solution was heated to 95 ºC for 12 h.  The solution was allowed to cool and filtered.  The 
filtrates were diluted with 40 mL of ethyl acetate and washed four times with 25 mL H2O.  The 
organic layer was dried with NaSO4, filtered and solvent was removed under reduced pressure. 
The solid was then passed through a plug of silica with 10% ethyl acetate in pet ether.  The 
isolated solid was further purified by recrystallization from pet ether to yield 4.0 g (69%) of a 
white solid. 1H NMR (CDCl3, 500 MHz): δ (CHCl3 = 7.26) 3.97 (s, 6H), 3.22 (s, 2H), 1.44 (s, 
3H). 13C NMR (CDCl3, 500 MHz): δ (CHCl3 = 77.2) 108.9, 69.540, 51.0, 34.7.
2-Azidomethyl-2-hydroxymethyl-propane-1,3-diol  (19).  To 2.4 g (12.7 mmol) of 18 
dissolved in 10 mL MeOH and 5 mL H2O was added 0.15 mL of 1.8 M aqueous HCl.  The 
mixture was stirred 1 h and 3.5 g of K2CO3 and 5 g of Na2SO4 was added. The mixture was 
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stirred 1 h, filtered, and concentrated under vacuum.  The resulting clear oil was passed through a 
silica plug eluting with 1:1 ethyl acetate/petroleum ether followed by  acetone.  The acetone 
fraction was dried under vacuum to yield 2.0 g (98%) of a highly viscous pale yellow oil.  1H 
NMR (MeOD, 500 MHz): δ (MeOH, 3.30) 4.89 (s, 3H), 3.51 (s, 6H), 3.41 (s, 2H). 13C NMR 
(MeOH, 500 MHz): δ (MeOH = 47.8) 61.3, 48.3, 45.6.
Neat polymerization with 2,2-bis-hydroxymethyl-3-prop-2-ynyloxy-propan-1-ol (15) as 
initiator (20).  A 3.7 M  MeOK solution in 150 uL of MeOH (0.55 mmol, 0.1 equiv) was added 
to 1.0 g (5.7 mmol, 1 equiv) of 15 in a three neck flask.  The flask was equipped with a 
mechanical stirrer, rubber septum, and attached to the schlenk line.  The solution was stirred 30 
min at room temperature and the methanol was removed under vacuum at 65 °C for 4 h.  The 
temperature was increased to 95 °C and the flask was backfilled with N2.  To the solution was 
added 13.1 mL (177 mmol, 32 equiv) of glycidol at a rate of 0.73 ml/h keeping the temperature 
constant at 95 °C.  The temperature was reduced to 60 °C and 25 mL of MeOH was added.  The 
solution was cooled to room temperature and quenched with 1 g of amberlite IR-120H ion 
exchange resin.  The mixture was filtered and the filtrate was precipitated with acetone twice. 
The thick oily  residue was dried at  80 °C under vacuum 36 h to give 10.2 g (70 %) of a golden 
brown viscous oil.  1H NMR (500 MHz, CD3COD) δ 4.92 (s, 62H), 4.16 (s, 2H), 3.90-3.45 (b, 
207H), 2.92 (s, 1H) 1H NMR End group analysis Mn= 3000 g/mol.
Polymerization of HPG with 2,2-bis-hydroxymethyl-3-prop-2-ynyloxy-propan-1-ol  (15) as 
initiator in diglyme solvent (20).  A solution of 400 mg (2.27 mmol, 1 equiv) of 15 in 800 µL of 
diglyme (dried over sieves), was added to an oven dried three neck flask equipped with a 
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mechanical stirrer and containing 22.7 mg (0.568 mmol, 0.25 equiv) of NaH (60% suspension in 
mineral oil).  The solution was degassed by  a series of three freeze pump thaw cycles.  The 
solution was heated to 95 °C and 15.2 mL (227 mmol, 100 equiv) of glycidol was slowly added 
to the reaction over 64 h.  After complete addition the mixture was cooled to 55 °C and 20 mL of 
methanol was added.  The mixture was stirred for 1 h and allowed to cool to room temperature. 
Amberlite ion exchange resin, 1 g, was added and the mixture was stirred for an additional 5 h. 
The mixture was filtered and purified by three rounds of acetone precipitation to give 14.1 g 
(84%) of a clear colorless thick syrup.   SEC (DMF) Mn = 14,500 g/mol, Mw/Mn = 1.54.
Small scale polymerization with propargyl alcohol as initiator (21).  A solution of 1 mL (17 
mmol, 1 equiv) of propargyl alcohol in 4.0 mL diglyme was added to an oven dried three neck 
flask equipped with a mechanical stirrer containing 67 mg (1.7 mmol, 0.1 equiv) of NaH (60% 
suspension in mineral oil) in liquid nitrogen.  The solution was degassed by a series of three 
freeze pump thaw cycles.  The solution was heated to 75 °C and 25 mL (371 mmol, 22 equiv) of 
glycidol was slowly  added to the vessel at a rate of 0.7 mL per hour.  The temperature of the 
reaction was increased to 85 °C after 3 mL of glycidol was added and increased to 95 °C after 6 
mL glycidol was added.  The solution was kept at 95 °C for 1 h.  The mixture was removed from 
heat and allowed to cool to 60 °C.  To the mixture was diluted with 50 mL of methanol.  The 
solution was cooled to room temperature and 1 g of amberlite IR-120H ion exchange resin was 
added.  This mixture was stirred for 8 h.  The mixture was filtered, reduced in volume to obtain a 
thick viscous oil, and was precipitated with acetone (x3).  The viscous white oil was dissolved in 
methanol and dried under vacuum at 70 °C for 12 h to give 22 g (78%) of a golden yellow 
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viscous oil.  1H NMR (500 MHz, CD3COD) δ 4.92 (s, 66H), 4.20 (s, 2H), 3.90-3.45 (b, 172H), 
2.95 (b, 1H), 1H NMR End group analysis Mn = 2500 g/mol.  SEC (DMF) Mn = 6700 g/mol, Mw/
Mn = 1.17.  MS (MALDI) m/z 894 (M + Na+), peak separation 74.
Large scale polymerization and fractionation of HPG with propargyl alcohol as initiator 
(21).  A solution of 3 mL (52 mmol, 1 equiv) of propargyl alcohol in 15 mL of diglyme (dried 
over sieves), was added to an oven dried three neck flask equipped with a mechanical stirrer 
containing 201 mg (5.2 mmol, 0.1 equiv) of NaH (60% suspension in mineral oil).  The solution 
was degassed by a series of three freeze pump thaw cycles.  The solution was heated to 85 °C 
and 94 mL (1.43 mol, 27 equiv) of glycidol was slowly added to the reaction over 50 h.  The 
temperature was slowly increased to 115 °C and the addition rate was increased from 1 mL/h to 
2.7 mL/h over the course of the reaction.  The mixture was cooled to 55 °C and 50 mL methanol 
was added.  The mixture was stirred for 1 h and was allowed to cool to room temperature. 
Amberlite ion exchange resin, 5 g, was added and the mixture was stirred for 5 h.  The mixture 
was filtered and purified by three rounds of acetone precipitation to give 90 g of crude polymer. 
The polymer was fractionated by dissolving it in 1 L of MeOH and rapidly  stirring while acetone 
was added dropwise.  The polymer composition in the supernatant was checked periodically by 
SEC.  The solution was allowed to settle for 36 h and the supernatant was removed to leave 
behind 20.1 g (18%) of polymer fraction 1.  This process was repeated twice more to give 29.0 g 
(27%) polymer fraction 2, and 34.5 g (32%) polymer fraction 3.  Total mass, 83.6 g (77 %). SEC 
(DMF) Crude polymer Mn = 8200, Mw/Mn = 1.50.  Fraction 1 Mn = 14,000, Mw/Mn = 1.35. 
Fraction 2 Mn = 11,600, Mw/Mn = 1.26.  Fraction 3 Mn = 7500, Mw/Mn = 1.25. 1H NMR End 
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group analysis Fraction 1 Mn = 7000. Fraction 2 Mn = 6000. Fraction 3 Mn = 3000. MS (MALDI) 
Fraction 3 m/z (peak) 1855 (M + Na+ ), peak separation 74, Mn =2100 g/mol, Mw/Mn = 1.31.
High molecular weight alkyne functional HPG synthesized via Brooks method (22). A 
solution of 120 mg (2.15 mmol, 1 equiv) of propargyl alcohol in 700 µL of diglyme (dried over 
sieves), was added to an oven dried three neck flask equipped with a mechanical stirrer 
containing 8.5 mg (0.215 mmol, 0.1 equiv) of potassium metal.  The solution was stirred until 
the potassium metal had completely  dissolved.  The solution was heated to 95 °C as 1 mL (15 
mmol 7.2 equiv) of glycidol was added over a 2 h period.  To the reaction was added 12 mL dry 
dioxane.  An additional 19 mL (295 mmol, 137 equiv) of glycidol was added over a 24 h period. 
The solution was cooled to 50 °C and 2 g of amberlite exchange resin was added.  The mixture 
was slowly stirred for 1 hour and filtered, precipitated three times with acetone, and dried to 
reveal 6.56 g (31%) of a white sticky foam. 1H NMR (500 MHz, D2O) δ 3.90-3.45 (b). Inverse 
gated 13C NMR (500 MHz, CD3OD:D2O 1:1) δ 80.0 (1C), 78.5 (2C), 72.6 (5C), 71.5-70.5 
(9.4C), 69.9-69.2 (3.9C), 63.2 (3C), 61.3 (1C) Degree of branching 53%.  Dynamic light 
scattering, hydrodynamic diameter 14.0 nm, polydispersity  0.110.  SEC (DMF) Mn > 50,000 g/
mol column exclusion limit.
N-Biotinyl-6-azido-1-hexylamine (23).  Compound prepared in an alternative procedure to that 
described by  Inverarity.83  To a solution of 100 mg (0.41 mmol, 1 equiv) of Biotin, 85 mg (0.61 
mmol, 1.5 equiv) of HOBT, and 104 mg (0.49 mmol, 1.2 equiv) of EDCI, suspended in 4 mL of 
DMF was added 85 mg, (0.49 mmol, 1.2 equiv) of 6-azido-hexylamine.84  The mixture was 
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stirred for 36 h at room temperature.  Silica gel was added to the reaction and the DMF was 
removed under vacuum at 45 °C.  The dry  silica was loaded onto a silica column and the 
compound was purified by flash column chromatography  (CH2Cl2 to 10:1 CH2Cl2:methanol) to 
give 70.3 mg (47%) of the product as a pale yellow solid.
HPG biotin conjugate (24).  A solution of 11.2 mg (0.045 mmol, 1 equiv) of CuSO4 and  17.8 
mg (0.09 mmol, 2 equiv) of sodium ascorbate in 500 µL of DI water was added to a solution of 
25 mg (0.07 mmol, 1.5 equiv) of biotin azide 23, and 90 mg (0.045 mmol, 1 equiv) of polymer 
21, (small scale polymerization, 1H NMR End group analysis Mn = 2500 g/mol) in 1 mL MeOH. 
The solution was stirred under nitrogen for 24 h.  The mixture was precipitated with methanol to 
remove salts and filtered through a 0.2 micron nylon filter.  The filtrates were dialyzed 
(benzoylated dialysis membrane) against water followed by methanol.  The dialyzed solution 
was dried under vacuum to give 73 mg (70%) of a slightly green transparent film.  1H NMR (500 
MHz, CD3COD) δ 8.08 (s, 1H), 4.66 (bs, 2H), 4.52 (bs, 1H), 4.44 (bs, 2H), 4.33 (bs, 1H) 3.9-3.5 
(b, 185H) 3.25-3.15 (b, 3H), 2.94 (bd, J = 12.5 Hz, 1H), 2.73 (bd, J = 12.5 Hz, 1H) 2.21 (bt, 2H), 
1.95 (bt, 2H), 1.8-1.3 (bm, 12H).  1H NMR End group  analysis Mn = 2500 g/mol.  SEC (DMF) 
Mn = 7800 g/mol, Mw/Mn = 1.25.
Fluorescein-5-(6-Azido-hexyl)-thiourea (25). To a screw cap scintillation vial containing 100 
mg (0.26 mmol, 1 equiv) of fluorescein-5-Isothiocianate and 54 mg (0.38 mmol, 1.4 equiv) of 6-
azido-hexylamine84 was added 1 mL of DMF.  The mixture was stirred for 48 h at  room 
temperature.  The reaction was dry loaded onto a silica column and purified by  column 
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chromatography  using silica gel (2:1 ethyl acetate:hexanes) to give 98 mg (72%) of the product 
as a dark red solid.  1H NMR (500 MHz, CD3OD) δ 8.20 (s, 1H), 7.81, (d, J = 7.3 Hz, 1H), 7.19, 
(d, J = 8 Hz, 1H), 6.83 (d, J = 9 Hz, 2H), 6.78, (d, J = 2 Hz, 2H), 6.65, (dd, J = 8.5, 2 Hz, 2H), 
3.63 (br s, 2H), 1.75-1.60 (m, 4H), 1.5-1.4 (m, 4H).  MS (HRES) m/z 532.1655 (M+), theoretical 
532.1655.
HPG fluorescein conjugate (26).  A 0.500 mL solution of DMF containing 50 mg of HPG 21 
(fraction 2, 1H NMR End group analysis Mn = 6000, 0.0083 mmol, 1 equiv), 6.6 mg (0.012 
mmol, 1.4 equiv) of fluorescein-5-(6-Azido-hexyl)-thiourea 25, and 50 µL of DIPEA was 
degassed with a nitrogen stream for 1 h.  To this solution was added 2.7 mg (0.014 mmol 1.7 
equiv) of CuI.  The solution was sealed under a nitrogen atmosphere and stirred overnight.  The 
reaction was monitored by SEC using UV and RI detectors.  After 14 h an additional 6.6 mg 
(0.012 mmol, 1.4 equiv) of 25, and 2 mg (0.0105 mmol, 1.27 equiv) of CuI was added.  The 
mixture was stirred for 23 h.  To the mixture was added 1 mL of pH 7 sodium phosphate buffer 
(10:1 water:85% phosphoric acid solution pH adjusted using concentrated NaOH solution) 
followed by  10 mL of methanol.  The solution was filtered and the solvent was removed.  The 
polymer obtained was dissolved in methanol and precipitated in ether.  The precipitated polymer 
was purified on an aqueous preparative SEC column (5:1 water:methanol), collecting the first 
orange colored band.  Solvent removal gave 47 mg (85%) of a dark red film. UV (sodium 
phosphate buffer, pH = 8.1) λmax, 495 nm, εmax (assuming Mn = 6000 based on 1H NMR end 
group analysis), 68,000 M-1 cm-1.
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High Molecular Weight HPG Fluorescein Conjugate (27).  A 2 mL solution of 250 mg of high 
molecular weight HPG 22, 100 µL of DIPEA, 2 mg of fluorescein-5-(6-Azido-hexyl)-thiourea 
25, and 40 mg of CuI was degassed by 3 freeze pump thaw cycles.  The solution was warmed to 
room temperature and stirred under nitrogen for 48 hours.  The solution was treated with 12 mL 
of pH 7 sodium phosphate buffer and stirred for 1 hour and filtered to remove a blue solid.  The 
filtrates were precipitated with acetone and dissolved in 3 mL of water and 5 mL of pH 7 sodium 
phosphate buffer.  The solution was treated with 5 mL of methanol and a white solid was 
removed by filtration.  The filtrates were further purified by dialysis (spectra/por MWCO = 
12,000 g/mol) against water.  The dialyzed polymer was lyophilized to reveal 182 mg (73%) of a 
yellowish brown film. SEC (DMF) Mn > 50,000 g/mol over the column exclusion limit.
HPG Amino PEG conjugate (28).  To a solution of 100 mg of HPG 21 (fraction 3, 1H NMR 
End group analysis Mn = 3000 g/mol, 0.033 mmol, 1 equiv) was added 25 mg (0.114 mmol, 3.5 
equiv) of 11-Azido-3,6,9-trioxaundecan-1-amine 29 and 100 µL of DIPEA.  The solution was 
degassed with a nitrogen stream for 15 minutes.  To the solution was added 4.5 mg of CuI (0.023 
mmol, 0.72 equiv) and the solution was degassed with a nitrogen stream for 20 minutes.  The 
solution was stirred under nitrogen for 24 h.  To the mixture was added 1 mL of deionized water 
and stirred while 2 mL of pH 7 sodium phosphate buffer (10:1 water-85% phosphoric acid 
solution pH adjusted using concentrated NaOH solution) was slowly  added.  An additional 1 mL 
of DMF was added and the solution was filtered, washed with ether and ethyl acetate, and 
precipitated with THF.  The polymer was collected by  centrifugation, dissolved in methanol, and 
precipitated in THF twice more.  The polymer collected was dissolved in methanol and filtered 
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before drying under vacuum to give 96 mg of a clear film.  Polymer was further purified by 
dialysis (benzoylated dialysis membrane) against deionized water to give 42 mg (42%) of a clear 
film.  1H NMR (500 MHz, H2O) δ 8.12 (s, 1H), 4.71 (bs, 2H), 4.67 (bs, 1H), 4.05-3.50 (b, 370H) 
3.21 (t, J = 5.5, 1H), 1H NMR End group  analysis Mn = 5500g/mol.  SEC (DMF) Mn = 6680 g/
mol, Mw/Mn = 1.25.  MS (MALDI) m/z 2831 (M + K+), peak separation 74 g/mol.
Gold nanoparticles synthesis (30). Citrate-capped gold nanoparticles were synthesized using 
the Frens method.63  An aqueous solution of 0.25 mM  HAuCl4, 100 mL, was heated in a conical 
flask to boiling. To the boiling solution was added 3.0 mL of an aqueous solution of 1% (w/w) 
sodium citrate.  The boiling was maintained until a deep ruby red color appeared (10 minutes), 
indicating the formation of gold nanoparticles.  Transmission electron microscopy measurements 
indicated that the nanoparticles were spherical with a diameter of 13.5 ±1.1 nm. Zeta potential 
analysis indicated that the particles bore a net negative charge of -30.2 mV, due to adsorbed 
citrate.
Attachment of amino-HPG to citrate-capped nanoparticles (31). The as-prepared solution of 
the citrate-capped nanoparticles (4.0 mL) were centrifuged at 5000 rcf for 10 minutes using 1.5 
mL Eppendorf microcentrifuge tubes. The supernatant was withdrawn and the resulted pellets 
were collected into 1.0 mL of DMF and transferred into a 2.0 mL glass vial.  To this vial, 70 µL 
of either an aqueous solution of 28 (42 mg/mL) or DI water (control) was added and mixed 
gently with a pipette. The reaction was left for 48 hours before purification. The nanoparticle 
solutions were centrifuged at 5000 rcf for 10 minutes and the resulted pellets were resuspended 
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in DI water.  The gold nanoparticles were dialyzed (Float-A-Lyzer, MWCO=50,000 Daltons) at 
25˚ C against DI water (1.0 L) for 12 hours to get rid of any left over reactants and non-attached 
polymer. Zeta potential analysis indicated that the particles bore a net negative charge of  –0.01 
mV ± 4.
Poly(vinylbenzylchloride) 32.  To 25.2 g (165 mmol, 125 equiv) of VBC was added 215 
mg (1.32 mmol, 1 equiv) of TEMPO.  The solution was evacuated and backfilled with N2 
three times.  The solution was stirred under N2 and heated to 100 °C for 1 h. To the solution 
was added 225 mg (0.924 mmol, 0.7 equiv) of benzoyl peroxide in 1 portion.  The reaction 
was kept at 100 °C for 2 h.  The temperature was increased to 130 °C for 4.5 h.  The highly 
viscous mixture was to thick to stir and the mixture was allowed to cool.  The mixture was 
dissolved in butanone and precipitated by pouring it into a solution of methanol.  This 
procedure was repeated 2 times.  The resulting polymer was dissolved in CH2Cl2 and 
precipitated in methanol and dried to remove traces of butanone to reveal 14.5 g (58%) of a 
flaky white solid.  1H NMR (500 MHz, CDCl3) δ 7.2-6.8 (b, 2H), 6.6-6.2 (b, 2H), 4.6-4.4 (bs, 
2H), 2.15-1.85 (b, 0.31H), 1.8-1.6 (b, 0.77H), 1.5-1.15 (b, 2H). SEC (DMF) Mn = 21,500 g/mol, 
Mw/Mn = 1.36.
Poly(vinylbenzylazide) 34.  To a stirred solution of 1.26 g (8.25 mmol chloride, 1 equiv) of 32 
in 7 mL of DMF was added 800 mg (12.3 mmol, 1.5 equiv) of NaN3.  The mixture was stirred 
under nitrogen at room temperature for 6 h.  The solution was filtered and precipitated with 
methanol and dissolved in a minimum of CH2Cl2.  This precipitation was repeated twice.  The 
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polymer was dried in vacuum to yield 930 mg (71%) of a white amorphous solid.  1H NMR (500 
MHz, CDCl3) δ 7.2-6.8 (b, 2H), 6.6-6.3 (b, 2H), 4.4-4.2 (bs, 2H), 2.15-1.85 (b, 0.31H), 1.8-1.6 
(b, 0.77H), 1.5-1.15 (b, 2H). SEC (DMF) Mn = 26,000 g/mol, Mw/Mn = 1.40.
poly(styrene) graft hyperbranched polyglycerol (33).  A 3 mL solution of DMF containing 
50.8 mg (0.33 mmol azide, 1 equiv) of 32, 500 mg (0.333 mmol, 1 equiv) of 21, 35 mg (0.5 
mmol, 1.5 equiv) of NaN3, and 1 mL DIPEA was degassed with a nitrogen stream.  To this 
solution was added 15 mg (0.083 mmol, 0.25 equiv) of CuI.  The dark red solution was stirred at 
room temperature for 36 h.  The entire reaction solution was dialyzed against  H2O.  The dialyzed 
product was further purified by preparative aqueous SEC (p-10 gel MWCO = 6000) followed by 
ultrafiltration through a 30,000 MWCO membrane.  Solvent removal yielded 98 mg of a slightly 
green film.  1H NMR (500 MHz, D2O) δ 4.0-3.2 (b, 3 peaks). SEC (DMF) Mn = 100,000, over 
MWCO of column.
TAA dendrimer polymer conjugation (36).  A solution of 33 mg (2.9 µmol, 78 µmol azide, 1 
equiv N3) of second generation TAA dendrimer 35,72 195 mg (78 µmol, 1 equiv) of 21 (fraction 3 
1H NMR End group analysis Mn = 3000 g/mol, 0.033 mmol), and 110 µL (632 µmol 8.1 equiv) of 
DIPEA in 1 mL of DMF was degassed under a nitrogen stream.  To the solution was added 0.15 
mg (0.8 µmol) of CuI.  The reaction mixture was stirred 24 h at  room temperature.  An additional 
2 mg (10 µmol) of CuI was added and the solution was stirred 24 h.  The reaction mixture was 
diluted with 20 mL of H2O and 4 mL of a pH 9.2 100 mM  NH4OH/Acetic Acid solution.  The 
solution was filtered and the filtrate was freeze-dried to reduce its volume.  This solution was 
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dialyzed against methanol.  The dialyzed solution was passed through a 0.2 micron nylon filter. 
Solvent was removed to reveal 135 mg (60 %) of a clear oil.  1H NMR (500 MHz, CD3COD) δ 
8.1-7.6 (b, 1H), 4.61 (bs, 1H), 3.9-3.3 (b, 19H).  SEC (DMF) Mn < 50,000 g/mol column 
exclusion limit.  IR (thin film): 3370, 2920, 2105, 1641, 1112 cm-1.
1.6.3 Analytical Techniques
SEC analysis of HPG click reaction for product 26.  Polymer samples were prepared by 
removing 20 µL samples from reaction mixture and diluting with 750 µL of DI water.  Aqueous 
samples were then filtered through a 0.2 micron nylon filter.  Samples were injected directly  onto 
an aqueous SEC column with UV-Vis peak detection set at 488 nm.  See Figure 1.6 for results.
Degree of branching measurements of fractionated HPG 21.  HPG samples were prepared by 
dissolving 250 mg of 21 in 700 uL of CD3OD.  Each sample was analyzed using IG gated 13C 
NMR with a 2.5 s total run (1.5 second delay and 1 second run time.)  The degree of branching 
(DB) was determined based on assignments given in reference 28 using the equation.
DB = 2D/(2D + L13 + L14)
With D, L13, and L14 representing dendritic, linear 1,3-units and linear 1,4-units obtained from 
the 13C NMR spectrum.
Stability of nanoparticles against aggregation.  To 1.0 mL of either citrate or HPG-capped 
GNPs in DI water (optical density of 1.0), was added 100 µL of a 10X PBS buffer solution 
resulting in a final solution containing 1X PBS.  After buffer addition, UV-Vis spectra were 
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obtained for both citrate-capped GNPs and HPG-capped nanoparticles.  See Figure 1.10 for 
results.
Titration of ANS with polymer 36.  A 500 µL solution of 11 µM ANS in 100 mM  PBS adjusted 
to pH 7.4 was incubated at 37 °C.  The solution was titrated with 2 µL aliquots of a 67 mg/mL 
(1.35 mM, 2.7 nmols/aliquot or 0.5 equivalents/aliquot) solution of 36.  The solution was excited 
at 375 nm and the fluorescence was observed between 400 and 600 nm.  A binding constant was 
obtained by plotting fluorescence increase verse concentration of 36 using a 1:1 binding isotherm 
as described by Pilch85 and by Stootman86 using the following equation.
F = F∞(1/2){([36] + [ANS] + 1/Kfit) – (([36] + [ANS] + 1/Kfit)^2 – 4[36][ANS])^(1/2)}
Where F = the observed fluorescence, and F∞ is the theoretical maximum fluorescence at 
saturation.  Fitting was performed using the origin 7 graphing software.  Kfit = 51000 ± 4000 M-1. 
See Figure 1.16.
Evaluation of CMC of 36.  A 1.35 mM  stock solution of polymer 36 was diluted 10, 100, 1000, 
and 10,000 fold in water.  These solutions were used to titrate an 11 µM  ANS solution under the 
same conditions as above.  The first perceptible change was observed at 6.5 nM.
Fluorescence studies of dendrimer degradation.  The fluorescence of an 11 µM ANS solution 
in 100 mM PBS adjusted to the appropriate pH with 10% phosphoric acid was excited at 375 nm 
and monitored every 5 seconds at  475 nm.  After 2 minutes a 10 µL aliquot of a 1.35 mM 
solution (2.45 equiv) of 36 was added.  The solution was monitored for up to 8 hours or until a 
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steady  state was reached.  The degradation process was fit to a first order decay  using the 
equation F = F∞ + F0e^(-t/τ) where F is the observed fluorescence at time t, F∞  is the final 
fluorescence, F0 is the initial fluorescence, and τ is a time constant.  The data was fit using the 
Origin 7 graphing software.  Half lives for the fluorescence degradation are, T(1/2)pH 1.7 = 0.65 m, 
T(1/2)pH 2.5 = 2.1 m, T(1/2)pH 4 = 86 m.  See Figure 1.18a.
Fluorescence control study in the absence of ANS.  The fluorescence of a 100 mM PBS buffer 
adjusted to pH 2.5 containing 10 µM ANS or no ANS was excited at 375 nm and the 
fluorescence was monitored every 5 seconds at 475 nm.  After 165 seconds a 10 µL aliquot of a 
1.35 mM solution of 36, 2.45 Eq, was added.  Both solutions were monitored using identical 
instrumental setups until a steady state was reached.  See Figure 1.18b for results.
1H NMR studies of dendrimer degradation.  A solution containing 100 mM sodium phosphate 
and 100 mM NaCl solution in D2O was adjusted to pH 4.0 using a 35% DCl solution.  To 700 
µL of this solution was added 10 mg of 36.  The sample was placed in an NMR tube, loaded into 
an NMR probe (U500NB), and heated to 37 °C.  1H NMR measurements were taken at roughly 
30 minute intervals.  The degree of degradation was determined by  comparing the aldehyde 
peaks at 10.5 ppm and the total integration of the aromatic region.  See Figure 1.19 for results.
Cytotoxicity measurement.  Cytotoxicity  was characterized as a decrease in metabolic rate 
using an MTT assay.  D1 cells were plated in a 96 well plate at an initial density  of 10,000 cells 
per well in 200 µL of DMEM.  After 24 h, medium was replaced with fresh medium containing 
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the polymer of interest.  After 3 days the medium was removed, cells were washed with 200 µL 
of PBS.  The PBS was removed, and 100 µL of fresh medium followed by  10 µL MTT solution 
was added.  After 4 h, 100 µL stop solution (20 % SDS in H2O/DMF(50:50)) was added.  After 2 
h, the absorbance at 570 nm was measured relative to blank wells prepared without cells and 
normalized to cells prepared without any polymer added.  See figure 1.13.
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Chapter 2
POLYGLYCEROL AS AN IMPRINTING POLYMER SCAFFOLD
Portions of this chapter are expanded from A. Zill and S. C. Zimmerman, “A Route to Water-Soluble Molecularly 
Templated Nanoparticles Using Click Chemistry and Alkyne-Functionalized Hyperbranched Polyglycerol” Isr.  J. 
Chem., 2009, 49, 71-76.
2.1 MONOMOLECULAR IMPRINTING
 Molecular imprinting is the process by which a small molecule can act as a template 
during synthesis of an amorphous polymeric material.  Upon template removal a binding pocket 
remains where the template molecule once was.  If the material is rigid enough the binding 
pocket will retain its shape and be able to recognize the original templating molecule.  The 
specificity is enhanced when the imprinted material contains properly oriented functional groups 
which can interact with the template molecule through intermolecular forces.
2.1.1  Background and Brief History
The idea was first  proposed by Pauling in 1940 to described a possible mechanism for the 
formation of antibodies.87  Although his theory wasn’t correct, it  did inspire the first molecularly 
imprinted material by  Dickey in 1949 who prepared silica gels in the presence of specific dyes. 
The gels exhibited enhanced binding to the imprint dye but  were later abandoned because their 
poor shelf life limited resolving power.88
 Since this first example, several approaches to molecular imprinting have been 
introduced including the covalent,89,90 non-covalent,91,92 and semi-covalent93 methods shown in 
Scheme 2.1.  Wulff et al. was the first to use polymers as an imprint material and produced the 
first molecularly  imprinted polymer (MIPs)89,90 using chiral sugars as a template and cleavable 
boronic esters and amide linkages attached to acrylate groups to form reactive monomers.  These 
monomers were mixed with a cross-linker, divinylbenzene, and polymerized to form a rigid gel. 
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After template removal, the polymer gel showed selective binding to the templated sugar over its 
enantiomer. 
Scheme 2.1.  Examples of the three major approaches to MIPs, covalent, non-covalent, and semicovalent.
 Later the non-covalent approach was demonstrated by Mosbach who showed that 
templating was possible via monomer template complexes.91,92  This eliminated the need to 
synthesize template monomers and allows greater generality.94  The drawback to this method is 
the formation of inhomogenous binding sites due to the nature of the non-covalent interactions.95 
A solution to this inhomogeneity  was a semi-covalent approach first demonstrated by 
Whitcombe et al. in 1995.93  Cholesterol was attached to styrene through a sacrificial carbonate 
group.  Cleavage of the carbonate following polymer cross-linking leaves behind an alcohol 
group capable of hydrogen bonding to the template cholesterol.  
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2.1.2  Monomolecular Imprinting
	
 Monomolecular imprinted polymers (MMIPs) represent a type of covalent or 
semicovalent molecular imprinting method that uses a single template molecule to produce a 
single molecular imprint in a polymer.96  In its current implementation the monomolecular 
approach is distinct from MIPs because the imprinting occurs during a post polymerization 
intramolecular cross-linking reaction.  Removal of the template produces polymers that rebind 
guests in a manner that is defined by  the template.97 Unlike MIPs, MMIPs form homogeneous 
solutions, have a well-defined molecular weight distribution, or are monodisperse in the case of 
dendrimers, and have nanoscale dimensions without the need for post synthetic processing.
 The first example of an MMIP (see Figure 2.1) was demonstrated by  Wendland et al. and 
was adapted from an earlier report on the synthesis of cored dendrimers.98,99  MALDI and SEC 
were used to show that the cored dendrimer 47 did not fall apart after template removal.  The 
resulting polymers were soluble in a variety  of organic solvents including toluene, THF, and 
ethyl acetate and they could complex specific porphyrin analogs based on the number of 
hydrogen acceptors on the porphyrin molecule.  These polymers could be described as artificial 
proteins because of their near perfect MW distribution and single binding site.
2.1.3 Alternatives to dendrimers for MMIPs
 Current drawbacks to MMIPs include the multistep synthesis of the dendrons, the 
attachment of multiple dendrons to a single core through the labile ester bond, and the high 
dilution conditions required during the cross-linking.100  Recently a number of dendrimer 
alternatives have been used to make MMIPs more practical and similar to traditional MIPs by 
simplifying and reducing the number of steps involved in their synthesis.
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Figure 2.1.  Wendland’s 3 step route to MMIPs.  A core template, 43 is attached to 8 homoallyl terminated 
dendrons.  The dendrons are cross-linked via Grubbs 1st generation catalyst and the core is removed, leaving a 
binding pocket for binding porphyrin guests.98
 One alternative is to replace the dendrimers with linear polymers.  Van Houten et al. 
synthesized a styrene, homoallyl styrene, copolymer using a RAFT initiator connected to a 
europium complex.101  The polymers were cross-linked in the presence of dicrotophos, 52, which 
forms a complex with europium and acts as the template (see Scheme 2.2).  After soxhlet 
extraction the dicrotophos rebound to the polymer in concentrations of less than 1 ppb.  In 
competitive binding studies, addition of non-imprinted organophosphates did not affect the 
binding.  A second example by Beil et al. used a porphyrin template containing eight ATRP 
initiation sites attached via ester bonds.102  ATRP polymerization with allyl styrene monomer 
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produced a seven to eight arm star polymer.  The polymerization was limited to very low 
conversion, <10%, to avoid intermolecular cross-links that resulted in broad molecular weight 
distributions.  The polymer was intramolecularly  cross-linked with Grubbs first generation 
catalyst and the porphyrin was removed by hydrolysis to produce a soluble MMIP star polymer. 
Unfortunately this polymer failed to rebind porphyrins after the core was removed.103  It was 
suggested, based on computer modeling, that the rebinding failed because the majority of cross-
links were intra-chain cross-links and the porphyrin was located near the polymer surface.102
Scheme 2.2.  Synthesis of a phosphonate sensor using a cross-linked europium core star polymer.101
Another method to produce soluble imprinted polymers first proposed by Williams104 
uses polymer microgels.105  Wulff105,106 and others107-109 have begun exploring this field as an 
alternative to monomolecular polymers with particular attention to enzyme like catalytic 
imprinted polymers.  Microgels are synthesized in a manner similar to traditional MIPs but the 
polymerization and cross-linking is performed at very low concentrations.  The microgels are 
soluble and have molecular weights comparable to proteins.105  Unlike MMIPs however, 
imprinted microgels contain a distribution of active sites and some polymers contain no active 
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sites.  In addition they are synthesized by  radical polymerization methods which do not allow 
“error correcting”96 reversible reactions which leads to active site heterogeneity.
2.1.4 Hyperbranched polyglycerol, towards a water soluble imprinting material
 Another alternative to dendrimers are hyperbranched polymers110 such as those described 
in Chapter 1.  The alkyne functionality  on 21 allows it  to act as a pseudodendron to form 
dendrimer like molecules through a convergent synthesis.  Because 21 is accessed in a single 
step on a multi-gram scale it  is far more practical than previous dendrimer routes.  In addition, 
the potential water solubility  of 21 may allow the synthesis of water soluble MIPs leading to 
potential applications currently  reserved for antibodies.  There are currently no examples of 
MMIPs synthesized from hyperbranched polymers.  Because of their structural similarities to 
dendrimers, monofunctional hyperbranched polymers could offer a middle ground between 
functionality and facile synthesis acting as pseudodendrons in the synthesis of branched star 
polymers or pseudodendrimers.
2.2  EXAMPLE SYNTHESIS OF AN HPG BASED MMIP USING ADENOSINE AS A 
TEMPLATE
 Adenosine was chosen as a template because of its chemical structure and biological 
relevance.  Its nucleobase, adenine, is known to function as a signaling molecule in G protein 
coupled receptors111 and adenine-based templates have already  been investigated for the 
production of MIPs.112-119  Chemically, adenosine is known to form up to five ester/amide bonds 
when treated with acid chlorides,120 making it suitable to act as the core for divergent dendrimer 
synthesis and hydrolytic template removal. There are also a several related nucleosides and 
nucleobases available to test the binding selectivity.
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2.2.1  Synthesis of core and allylated HPG
 Synthesis of the core adenosine molecules is outlined in Scheme 2.3.  Mono and diamines 
54 and 55 were treated with NaNO2 and NaN3 in a Sandmeyer reaction to produce the azides 56 
and 57 respectively.   Acid chlorides were generated by refluxing 56 and 57 in thionyl chloride. 
The acid chlorides 58 and 59 were used without isolation and reacted with adenosine in pyridine 
to generate the desired cores, 60 an 61.  ESI-MS, 1H NMR, 13C NMR were used to verify the 
structure and purity of 60 and 61.  The polyallyl HPG, 62 was synthesized from 21 in a single 
step using a biphasic reaction with allyl chloride and aqueous NaOH typically used for the 
synthesis of Haag dendrimers.121
Scheme 2.3.  Synthesis of adenosine based core templates and allylated HPG.
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Figure 2.2.   IR spectra (Salt plate, thin film) of reaction mixtures isolated from the click reactions of adenosine 
cores 60 and 61 with 62.  The peak at 2100 cm-1 corresponds to the azide group which is slowly consumed during 
the reaction.  However, only in the reaction of 60 is the azide group completely consumed.  
2.2.2  Attachment and cross-linking of HPG using click chemistry
 Polymer 62 (Mn = 1,700 g/mol) was attached to the templates 60 and 61 via the copper 
catalyzed click reaction.49  Reactions were conducted in a 1:1 mixture of water and CH2Cl2 as 
described by Jeon and Kim.122  Consumption of azide in the click reaction was monitored by  IR 
spectroscopy  following the loss of the azide peak at 2100 cm-1 as shown in Figure 2.2.  Template 
60 reacted rapidly  based on the disappearance of the azide peak in the IR spectra in 35 minutes. 
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Template 61 reacted more slowly and never completely consumed the azide even after 40 h, 
presumably because of the greater steric congestion around the adenosine core.
 The purified polymers displayed a monomodal molecular weight distribution based on 
SEC analysis, with Mw/Mn < 1.2 (see Figure 2.3).  The MW of these polymers was determined by 
1H NMR, SEC, and MALDI and is shown in entries 1a and 2a of Table 2.1.  Mn, as determined 
by SEC, is based on a linear polystyrene standard curve and the compact  highly branched 
structure of the star branch polymers are most likely underestimated.  The Mn determined 
corresponds to ~100 cross-linkable allyl groups for 63, entry  1 and ~170 cross-linkable allyl 
groups for 64, entry 2a. This is more alkene groups than any previous dendrimer based MMIP. 
The 1H NMR spectra of 62 and 64 is shown in Figure 2.4.   The adenosine and aromatic groups 
of the core are broadened as expected for polymer conjugates, but have also been shifted farther 
downfield.  The rest of the spectrum is dominated by  the HPG backbone and the peripheral allyl 
groups. 
Figure 2.3.  SEC traces (DMF, 1 mL/min) of crude reaction mixture in the synthesis of psuedodendrimers 63, and 
64.  Overlaid traces are the purified products prepared by preparative SEC.
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Figure 2.4.  1H NMR (500 MHz,  CDCl3) of compounds 62 and 64 showing broadening and shift in aromatic 
region.   The polymer between 3.5 ppm and 6 ppm has been cropped to emphasize the core region of 64, peaks at 7.3 
to 7.1 ppm are from toluene.
Table 2.1.  MW characterization of psuedodendrimers synthesized using an adenosine template before and after 
cross-linking.
Entry Template Compound % Cross-
linked
Mn (NMR) 
g/mol
Mn (MALDI) 
g/mol
Mn (SEC)a 
g/mol
Mw/Mna Catalystb
1a 60 63 0 9600 8500 12200 1.12 none
1b 60 65a 80 N.A. 9800 8800 1.15 5% 46
1c 60 65b 95 N.A. 9750 8300 1.15 5% 51
2a 61 64 0 25000 19900 14200 1.15 none
2b 61 66a 85 N.A. 19000 11300 1.28 3.5% 51
2c 61 66b 80 N.A. 19000 10400 1.15 2 % 67c
2d 61 66c 85 N.A. 19000 10040 1.15 5% 67c
a. Determined using polystyrene molecular weight standards in DMF solvent.  
b.  % catalyst listed as mol % per cross-linkable alkene.
c.  Hoveyda Grubbs Catalyst.
2.2.3 Cross-linking of allylated HPG with adenosine core
 Polymers 63 and 64 were cross-linked using Grubbs catalyst 46, 51 or Hoveyda Grubbs 
catalyst 67.  The catalyst was added in multiple portions over time (except for the Hoveyda 
Grubbs case) as the extent of cross-linking changed little after several hours unless an additional 
aliquot of catalyst was added.  This may be because the catalyst  is decomposing during the 
reaction.  Reactions were run at high dilution, roughly 0.5 g/L to avoid intermolecular cross-
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linking typical for this type of reaction,100 and using 2-5 mol% of catalyst per allyl group.  Little 
difference was observed by varying the solvent from benzene to methylene chloride.  Reactions 
were run overnight at room temperature or 12 h at 45 °C.  1H NMR was used to monitor the 
reactions by following the loss of the terminal alkene protons at 5.2 ppm.
Figure 2.5 SEC traces (DMF, 1 mL/min) of 64 and 66b before and after cross-linking.
 Characterization of the cross-linked polymers showed that the cross-linking led to a more 
compact and more rigid structure.  Most obvious is the increase of SEC retention time greater 
than that expected based on the MW decrease of the polymer (see Table 2.1 and Figure 2.5). 
While polymers cross-linked using 51 produced products with an increased Mw/Mn because of a 
high MW shoulder, polymers cross-linked with Hoveyda Grubbs catalyst, 67, did not suffer from 
this peak malformation (see Table 2.1, entries 2c,d).  This may result  from the increased activity 
of the second generation Grubbs catalyst123 such that the highly dilute solution was still not 
sufficient to prevent intermolecular cross-links.  MALDI spectra of uncross-linked polymers 63 
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and 64 had a low MW shoulder, possibly due to cleavage of the amide or ribose groups attached 
to the adenine core during the ionization process.124 Cross-linked polymers 65 and 66 did not 
have this low MW shoulder most likely because the cross-linked polymers remain intact despite 
cleavage of the bonds to the adenosine core during the ionization.  In addition, substantial line 
broadening in the 1H NMR is indicative of a highly  rigid structure (see Section 2.3 for more 
information).
2.2.4 Template removal
 After cross-linking, the core needed to be removed to produce the binding pocket. 
Template removal was attempted by refluxing 65b or 66b overnight in basic THF/water 
solutions.  This produced a black insoluble byproduct assumed to be a polymer gel that resulted 
in reduced yield.  SEC traces of the products 68 and 69 had a large increase in Mw/Mn and Mn, an 
indication that the isolated polymer had undergone microgelation (see Figure 2.6).  A similar 
result was reported for template removal of cross-linked polyether dendrimers.125  An alternative 
route is shown in Figure 2.6.  The cross-linked polymer 66b was first dihydroxylated to form 
water soluble polymer 70.  This polymer lacks alkene groups and is more stable to the conditions 
required for core removal.  Polymer 70 is also water soluble, a key  feature for the production of 
artificial antibodies.  Treatment of 70 with NaOH in water did not result in intermolecular cross-
linking, determined by SEC, and the desired cored polymer 71 was recovered in 90% yield.
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Figure 2.6.  Conditions for coring 65b,  66b, and 70.   Inset, SEC traces for polymers 66b, 69,  70,  and 71.  SEC trace 
(dmf, 1 mL/min) for polymer 69 appears as a multimodal peak.  Uncored and cored polymers 70 and 71 have similar 
elution times and both have a high MW shoulder which is larger in 71.  This shoulder is near the column exclusion 
limit and is not necessarily from polymer cross-linking.
 An important challenge for the use of hyperbranched polymers as MMIPs is the ability to 
characterize the core removal process.  Previous dendrimer based MMIPs used MALDI to verify 
70
that the template had been removed from the core because the dendrimer produces a single 
isolated peak easily monitored by mass-spectrometry.98,100  In the case of HPG based MMIPs 
MALDI spectra appear as a broad peak due to the distribution of molecular weights and the 
different number of cross-links in each polymer.  Because of the possible distribution bias due to 
ionization efficiency or MW bias during purification, interpretation of MALDI peak heights are 
not reliable given the small MW shift that should result from template removal.  For polymers 68 
and 69 an alternative method using end group analysis was used to verify that the core acid 
groups had been exposed.  An acid base titration was performed in a methanol/THF solution to 
determine the number of acid groups that are present in each polymer.  Based on the pH curves 
shown in Figure 2.7, a MW of 1,500 g/mol acid for polymer 68 and 2800 g/mol acid for polymer 
69 was determined.  These values are in line with expectations given the size of the polymers 
attached to the template and indicate that the core was removed.
Figure 2.7.  Titration curves for solutions of 68 and 69 in 1 mL of 1:1 THF:MeOH titrated with a 0.167 M KOH 
solution in methanol.  Calculations of the mass of polymer per acid group in text was determined based on the 
stoichiometric point at pH 9.5.
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 In the case of water soluble polymer 70 analytical HPLC was used to confirm the 
removal of the adenosine core by observing the production of adenosine during the course of the 
hydrolysis reaction as shown in Figure 2.8.  The reaction was run in the presence of TsOH as an 
internal standard to eliminate concentration dependent changes in the HPLC trace.  Within the 
first hour of the reaction the amount of adenosine observed exceeded that expected by 2-fold, 
assuming a polymer MW of 20,000 g/mol.  This peak slowly disappeared during the reaction 
presumably due to further decomposition of adenosine.  Tests showed a similar decomposition 
occurred for adenosine itself under similar conditions.  The reaction was stopped when the 
adenosine peak had nearly disappeared. The final templated polymer 71 was purified by 
preparative SEC and extensive dialysis.  HPLC analysis of the purified product indicated that 
adenosine was present in only trace quantities.
0 Hr 
1.0 Hr 
3.0 Hr 
5.3 Hr 
Adenosine 
TsOH 
70 and 71 
Figure 2.8.   HPLC traces (methanol:water gradient 2 mL/min) of the hydrolysis reaction of 70 showing the 
production, and disappearance of adenosine over the course of the reaction.  Adenosine elutes at 8.5 minutes and 
begins to disappear after 3 hrs.  TsOH is present as an internal standard and elutes in 19 minutes.  The polymer 
elutes as a broad series of peaks between 15 and 25 minutes.
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2.2.5 Analysis of rebinding of nucleotides to cored polymer
 With the template removed, 71 was used for measuring rebinding to the imprinted core. 
The potential binding and selectivity  profile of 71 was determined using equilibrium dialysis 
with a 100 µL dialysis chamber and a 2000 g/mol MWCO dialysis membrane.   The nucleoside 
ligands were dialyzed against solutions of either 70 or 71 and buffer.  Ligand binding perturbs 
the equilibrium across the membrane, and binding is observed as a reduction of the ligand 
concentration on the side of the membrane free of the polymer.  Ligand concentrations were 
determined after dialysis using UV-Vis spectrometry and were compared to the same ligand 
solution dialyzed against a buffer solution.  Binding is observed as a lower concentration of the 
ligand when dialyzed against host then when dialyzed against buffer.  The ratio of these two 
values is listed in Table 2.2 as the Abs Ratio.  The increase of the ligand concentration on the 
host side could not be determined because of the absorption of the polymer in the UV region. 
The applicability of this methodology was confirmed by a simple positive control using the 
known intercalator acridine dialyzed against a DNA solution (Figure 2.9a).  Based on this result 
a rapid screen using a single point binding assay was performed with a variety  of nucleosides. 
An example is shown in Figure 2.9b using adenine as ligand and the cored dendrimer 71 as host. 
A negative control using just buffer is also shown in Figure 2.9b to confirm that the polymer 
does not cross the dialysis membrane.  Polymer 71 strongly absorbs in the UV region (likely due 
to metal contamination, Ru or Os) and would be easily  observed by  UV-Vis spectroscopy.  The 
strong absorption of 70 and 71 also made analysis of the binding by a UV-Vis titration difficult.
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Figure 2.9.  Examples of equilibrium dialysis experiments.  a) Simple test study on known DNA binding molecule 
acridine.  Acridine was dialyzed against buffer and against herring sperm DNA, 10 BP/acridine.  UV-Vis spectra 
taken after 24 hrs showing near complete transfer of acridine to the DNA containing chamber.  b) Adenine dialyzed 
against polymer 71 and against buffer, entry 1,  Table 2.2.  Also shown is a buffer solution dialyzed against 71 
showing that the polymer does not cross membrane.  The polymer has significant absorption in the UV region.  See 
experimental section for conditions.
 The results of the screening are shown in Table 2.2.  An absorption ratio < 0.8 was 
considered binding.  The polymer shows no binding for the template adenosine (entries 9–11), 
but exhibits a preference for binding purine bases (entries 1, 7, 13).  Uncored polymer 70 showed 
no significant difference to the cored host  (entries 6 and 12).  Thus shape selectivity is probably 
not as important as hydrophobic encapsulation inside the hydrophobic polymer backbone.  The 
extent of binding was also not affected by pH (entries 1–3 and 10–12), implying that the acid 
groups of the polymer’s core are not critical for the observed binding.  Thus, although some 
binding selectivity is observed it does not appear to be a result of a specific imprinted site.  When 
the polymer concentration was reduced to 0.25 mM the templated polymer 71 did not bind any 
of the tested ligands.  The uncored polymer 70 did bind to hydrophobic guests such as adenine 
and 6-chloropurine (AbsRatio < 0.8), not shown. The affinity  of the uncored polymer to 
hydrophobic guests could result from a hydrophobic interaction between the guest  and template 
or the template maintaining a hydrophobic cavity in the interior of the cross-linked polymer. 
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Host–guest studies on PAMAM dendrimers have shown that the size of the dendrimer core can 
affect its ability to encapsulate guest molecules.126  If the cross-linked polymer is still somewhat 
flexible then removal of the template may  result  in a collapse of the binding pocket in response 
to the aqueous environment.  This could limit its ability to act as a unimolecular micelle.127,128 
Because the polymer did not show evidence of specific binding further characterization of the 
binding was not performed.
Table 2.2. Results of equilibrium dialysis testing on various nucleosides.
Entry ligand Host [ligand]a (mM) [host]a 
mM
Abs Ratiob % pH
1 adenine 71 1.25 1.25 0.61 6.9
2 adenine 71 0.50 0.50 0.71 4.0
3 adenine 71 0.50 0.50 0.66 10.0
4 adenine 70 1.25 1.25 0.57 6.9
5 hypoxathine 71 1.25 1.25 1.02 6.9
6 hypoxanthine 70 0.50 0.50 0.95 6.9
7 chloropurine 71 1.00 0.50 0.53 6.9
8 uracil 71 1.00 1.25 1.10 6.9
9 adenosine 71 1.25 5.0 0.98 6.9
10 adenosine 71 0.50 0.50 0.97 4.0
11 adenosine 71 0.50 0.50 1.09 10.0
12 adenosine 70 0.50 0.50 0.95 6.9
13 deoxyguanosine 71 1.00 1.00 0.69 6.9
14 deoxyguanosine 71 1.00 1.00 1.02 6.9
15 deoxyuridine 71 1.00 0.50 1.18 6.9
16 deoxycytodine 71 1.00 0.50 1.06 6.9
a.  Concentrations listed assumes the ligand and host occupy the total volume of the dialysis chamber.
b.  Absorbance ratio is the ratio of the absorbance of the ligand solution after dialyzing against the host solution 
divided by the absorbance of the ligand solution after dialyzing against a buffer solution.
2.3  NMR STUDIES OF THE CROSS-LINKED POLYMERS
 1H NMR of the cross-linked polymer 66 showed substantial line broadening which  is 
commonly observed in cross-linked dendrimers (see Figure 2.10).20  Previously  this was 
attributed to either restricted internal motion of the polymer backbone or the large number of 
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isomers produced during the cross-linking process.20  In the present study, the starting polymer, 
64, is already a mixture of isomers.  Given its non-uniform branching structure and MW 
distribution it is doubtful the line broadening is a result of additional isomer production 
otherwise polymer 64 would have a similarly  broad spectra.  The large number of cross-linkable 
allyl groups in 66 should put a large strain on the polymer backbone and result in a highly  rigid 
structure, thus leading to the broad spectra observed.  To investigate the role of restricted motion 
on the polymer backbone a series of cross-linked polymers were synthesized and their relaxation 
times were investigated to see what effects cross-linking has on the rigidity of 66.
Figure 2.10.  1H NMR (500 MHz, CDCl3) of 64, and 3 cross-linked polymers 66 showing the increased peak 
broadening with increasing cross-link density.  The specific protons each peak corresponds to are shown in red 
above each peak.
 The longitudinal relaxation time, T1, is the rate a nuclei returns to its equilibrium state 
through energy exchange with the surrounding magnetic environment.  It  is related to the rate of 
tumbling that the molecule or atom experiences and can describe the degree of flexibility  in a 
polymer or biological macromolecule.129,130  For small molecules and flexible polymers, T1 
increases with increasing molecular motion such as with increasing temperature.  As the 
flexibility of a polymer decreases this trend reverses and a decrease in T1 is observed with 
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increased flexibility.  Thus the T1 can be used to measure the flexibility of 66 under varying 
cross-linked conditions.  This is important to molecular imprinting because the ability  of the 
polymer to retain its shape after core removal is dependent on the polymer’s flexibility.  
 T1 data was obtained using the inversion recovery  technique.131  An example is shown in 
Figure 2.11 for 66 (43% cross-linked).  Each proton recovers at a different rate, depending on its 
environment.  In this case, the relaxation rate increases from interior to exterior, with the interior 
polymer backbone having the shortest T1 followed by the surface methylene groups, the cross-
linked alkenes, and finally the uncross-linked surface allyl groups.  This is expected given the 
constraints the cross-linking puts on the interior of 66 following the cross-linking process.
Figure 2.11.  Stacked plots of inversion and recovery 1H NMR (500 MHz, CDCl3) experiment used to calculate the 
T1 of 43% cross-linked 66 at 20 °C.  The rate of recovery varies for each proton and increases from the center to the 
surface.  The order each prototypical proton recovers is labeled 1-5.
 The temperature dependence of T1 on 66 and uncross-linked polymers 64 and 62 is 
shown in Figure 2.12.   For practical reasons, only the 1H NMR spectra were analyzed.  For 
quantitative comparisons, 13C spectra are typically  used.130  Thus, only the general trend for this 
77
series of cross-linked polymers is analyzed.  In Figure 2.12a at 60 °C the largest reduction in T1 
is observed upon attaching 62 to the adenosine core.    This can be explained as the freely 
tumbling polymer is now confined to a central core and is compressed against neighboring 
polymers resulting in a highly congested structure.  This molecular congestion has also been 
observed in bottle brush polymers132 and in polymer brushes on surfaces.133  T1 further decreases 
upon cross-linking as expected based on reports on cross-linked Frechét type dendrons that 
showed that the cross-linking prevents the polymers from flattening onto a surface.134  At high 
degree of cross-linking as shown in Figure 2.12b, this trend is reversed and a decrease in T1 is 
observed.  For the 80% cross-linked polymer, this change of temperature dependence occurs near 
40 °C which is similar to the highly rigid biopolymer chitosan.135  This change in T1 behavior 
with cross-linking density indicates that the cross-linking induces a global change to the polymer 
flexibility as opposed to a change in flexibility at  specific sites near the cross-links as observed 
for cross-linked polybutadiene.136  Thus, the cross-links near the polymer surface have an effect 
on the polymer rigidity throughout the polymeric network.
Figure 2.12.  Temperature dependent plot of T1 data for internal protons (3.5 ppm) of various cross-linked and 
uncross-linked polymers.  a) Loosely cross-linked or uncross-linked polymers show an increase in T1 with 
temperature as expected for soluble flexible polymers.  b) Highly cross-linked polymer shows opposite behavior 
typical of more rigid material.
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2.4 SUMMARY AND CONCLUSIONS
 In this chapter azide alkyne click chemistry was used to synthesize adenine core 
polyglycerol star polymers containing multiple allyl groups.  Two branched star polymers were 
synthesized with either 5 or 10 polymer attachments to the adenosine core.  The star polymers 
were cross-linked using several different metathesis catalysts, with the Hoveyda Grubbs catalyst 
providing a polymer with the lowest Mw/Mn.  Directly  coring the cross-linked polymer resulted 
in extensive intermolecular cross-linking and microgelation.  Thus polymers were first 
dihydroxylated using osmium tetroxide.  The water soluble polymers, which no longer had 
reactive olefin groups, could be cored using sodium hydroxide and good yields could be obtained 
of cored water soluble polymers.  The coring process was monitored by HPLC by observing the 
production of adenosine in the reaction mixture.  SEC traces of the cored polymers showed that 
the polymers remained covalently linked following removal of the central core.
 Equilibrium dialysis was used to test the polymers for their ability to rebind the adenosine 
template and other nucleosides.  Single point studies were performed to obtain a rapid screening 
of the binding.  These studies showed only weak binding.  In addition there was no pH 
dependence of the binding which showed that the binding was probably not occurring due to 
specific interactions of the base pairs and the core acid groups left behind by the coring process. 
A control polymer that had not been cored also bound to the same nucleosides.  Based on this 
result it was felt that the binding observed was a result of non-specific interactions between a 
dendritic host binding to a hydrophobic guest and not to the specific interactions of the cored 
template.  The reason for the lack of specific binding could result from a change in conformation 
of the cross-linked polymer following coring due to built up  ring strain in the polymer.  This 
79
seems counter intuitive given the thermodynamic nature of the cross-linking process.  However, 
the conditions for the cross-linking, high dilution-long reaction time-removal of ethylene, are 
similar to those used to build strained ring systems by RCM.137,138  Removal of ethylene may 
result in driving the cross-linking past the point where low energy cross-links can be made, 
leading to the formation of highly strained cross-links in the polymer.
 Various cross-linked polymers were also used to establish a link between cross-linking 
density  and polymer stiffness.  This was accomplished by performing temperature dependent T1 
relaxation time measurements with polymers of various degrees of cross-linking.  The results 
show a change in the minimum T1 vs temperature with a change in cross-link density.  This 
change in behavior with cross-link density  shows that the cross-linking affects the polymer 
flexibility throughout the polymer network and not solely at the cross-linked sites.
2.5 EXPERIMENTAL
For general methods, materials, and instrumentation see section 1.6.1
Dialysis was performed using Spectrumlabs Spectra/por Membrane MWCO: 3500 dialyzed 
against deionized water. Equilibrium dialysis performed with Harvard Apparatus 2 chamber 100 
µL Micro-Equilibrium Dialyzer using a cellulose acetate membrane MWCO: 2000.
2.5.1 synthesis
4-Azido benzoic acid Compound (56) The procedure for this compound has been published 
previously.139 1H NMR (DMSO, 500 MHz): δ (DMSO = 2.495) 12.93 (b, 1H), 7.952 (d, J = 7, 
2H), 7.203 (d, J = 7 Hz, 2H). 13C NMR (DMSO, 500 MHz): δ (DMSO = 40.197) 167.255, 
144.637, 131.916, 128.004, 119.848.
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3,5-Diazidobenzoic acid (57).  A solution of 5.0 g (33 mmol, 1 equiv) of 3,5-diaminobenzoic 
acid and 6.7 g (100 mmol, 3 equiv) of NaN3 in 40 mL of 6.0 M  aqueous HCl (0.24 mol) was 
cooled on ice.  The solution was kept in the dark but open to air as 10 g (140 mmol 4.3 equiv) of 
sodium nitrite was slowly added over 2 h.  The solution bubbled vigorously with each addition 
and produced a large amount of foam.  The solution was allowed to stir 30 min.  The solution 
was filtered and the red solid was washed with water. The solid was dissolved in 100 mL of a 5% 
(w/w) aqueous sodium bicarbonate solution and was washed three times with 25 mL of 
methylene chloride.  The aqueous layer was isolated and acidified with 1.5 M HCl.  The red solid 
was isolated by filtration, washed with water, and dried overnight to obtain 3.4 g (55%) of a red 
clay. 1H NMR (DMSO): δ (DMSO = 2.5) 13.52 (b, 1 H), 7.31 (d, J = 2, 2 H), 7.01 (t, J = 2 Hz, 1 
H). 13C NMR (DMSO): δ 166.4, 142.3, 134.6, 116.6, 114.6. MS (EI). Calcd 204.0396. Found 
204.0396. IR (nujol): 2128, 1708 cm–1.
(2R,3R,4R,5R)-2-(6-(3,5-Diazido-N-(3,5-diazidobenzoyl) benzamido)-9H-purin-9-yl)-5-((3,5-
diazido-benzoyl oxy)methyl)tetrahydrofuran-3,4-diyl bis(3,5-diazidobenzoate) (61). In 15 
mL of thionyl chloride was dissolved 1.36 g (6.68 mmol, 80 equiv) of 57.  The suspension was 
refluxed for 1 h and became a homogeneous solution.  The solution was cooled to 45 ºC and the 
thionyl chloride was removed under vacuum.  To the black solid residue was added 230 mg (0.84 
mmol, 1 equiv) of adenosine and 20 mL of pyridine (distilled from CaH2 directly into the 
reaction flask).  The mixture was heated to 65 ºC in an oil bath for 18 h.  Pyridine was removed 
under vacuum and the resulting residue was purified by column chromatography on silica gel 
eluting with 1% MeOH in CH2Cl2.  Solvent removal afforded 590 mg (59%) of 61 as an off 
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white solid: 1H NMR: (CDCl3, 500 MHz): δ (CHCl3 = 7.26) 8.66 (s, 1 H), 8.33 (s, 1 H), 7.48 (d, 
J = 2 Hz, 2 H), 7.36 (d, J = 2 Hz, 2 H), 7.31 (d, J = 2.5 Hz, 2 H), 7.22 (d, J = 2 Hz, 4 H), 6.83 (t, 
J = 2 Hz, 1 H), 6.81 (t, J = 2 Hz, 1 H), 6.79 (t, J = 2 Hz, 1 H), 6.50 (d, J = 4.5 Hz, 1 H), 6.44 (t, J 
= 5.5 Hz, 1 H), 6.26 (t, J = 5 Hz, 1 H), 4.86 (m, 2 H), 4.74 (m 1 H). 13C NMR: δ 170.3, 164.6, 
163.9, 163.7, 153.0, 152.9, 151.1, 144.8, 142.9, 142.8, 142.8, 142.6, 136.7, 132.5, 131.6, 131.3, 
128.4, 116.7, 116.5, 116.0, 114.9, 114.8, 114.3, 114.1, 87.5, 80.5, 74.3, 72.0, 64.2. MS (ESI + H
+). Calcd 1198.2496. Found 1198.2483.
Allylation of HPG (62). To a 250 mL two-neck flask with condenser and septum was added 34 g 
(810 mmol, 55 equiv) of NaOH in 50 mL H2O, 10 g (14 mmol hydroxyl groups, 1 equiv) of 21 
(MW by 1H NMR =2400 g/mol), and 4.3 g (14 mmol, 1 equiv) of tetrabutylammonium iodide. 
This suspension was heated to 45 ºC and 55 mL (680 mmol, 45 equiv) of allyl chloride was 
added to the suspension over an 18 h period.  The white suspension was dissolved in 200 mL of 
CH2Cl2 and 100 mL of H2O and the organic layer was isolated.  The aqueous layer was extraced 
twice with 50 mL of CH2Cl2.  A small amount of methanol was used to prevent emulsification. 
The organic extracts were dried over Na2SO4 and then gravity filtered.  The solvent was removed 
under reduced pressure and dissolved in 20 mL ethyl acetate.  This solution was passed through a 
short silica plug and eluted with 200 mL of ethyl acetate.  The polymer was fractionated by 
preparative SEC chromatography to provide 8.9 g (57%) of 62 as a clear liquid. 1H NMR 
(CDCl3, 500 MHz): δ (CHCl3 = 7.26) 5.90 (bm, 34 H), 5.28–5.24 (d, 35 H), 5.17– 5.13 (bm, 36 
H), 4.13 (s, 42 H), 3.99 (d, 32 H), 3.65–3.50 (b 173 H), 2.47 (b, 1 H), Mn = 2300 g/mol. SEC: Mn
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(polystyrene) = 5390 g/mol, Mw/Mn = 1.13. MS (MALDI): Major peak = 2058.99 g/mol, peak 
separation 114.16 g/mol, Mn = 2344 g/mol Mw/Mn = 1.23 g/mol.
1,3-Dipolar cycloaddition to adenosine template (64). To a solution of 4 g (1.8 mmol, 11 
equiv) of 62 (Mn = 2300 g/mol) in 12 mL of CH2Cl2 was added 12 mL of H2O. To this emulsion 
was added 200 mg (0.167 mmol, 1 equiv) of 61.  A Cu(I) solution was prepared by  dissolving 
420 mg (1.8 mmol, 11 equiv) of CuSO4 and 660 mg (3.34 mmol, 20 equiv) of sodium ascorbate 
in 4 mL of H2O.  This black solution was added to the reaction flask in a single portion. After 6 
h, an additional 750 mg (0.37 mmol, 2 equiv) of 61 was added along with 500 mg (2 mmol, 12 
equiv) of CuSO4 and 800 mg (4 mmol, 24 equiv) of sodium ascorbate.  The solution was filtered 
and added to a 250 mL separatory funnel.  The organic layer was isolated and the aqueous layer 
was extracted three times with 25 mL portions of CH2Cl2.  The organic layers were dried over 
Na2SO4 and filtered and solvent was removed under reduced pressure.  The residue was passed 
through a preparative SEC column collecting fractions that had a slightly  yellow color.  The 
fractions were analyzed by analytical SEC and those that did not have any starting material were 
combined.  Solvent removal yielded 1.37 g (51% based on adenosine core and Mn of 62) of 64 as 
an orange liquid.  1H NMR (CDCl3, 500 MHz): δ (CHCl3 = 7.26) 8.67–7.96 (bm, 15 H), 5.88 (b, 
250 H), 5.27–5.13 (bm, 470 H), 4.90–4.80 (s, 20 H), 4.12 (s, 270 H), (s 220 H), 3.9–3.25 (b, 
1270 H). SEC: Mn(polystyrene) = 15,500 g/mol, Mw/Mn = 1.20. MS (MALDI): Major peak = 20,300 
g/mol, Mn = 20,900 g/mol.
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Cross-linking of allylated HPG (66b). In 200 mL of CH2Cl2 was dissolved 400 mg (0.88 mmol 
allyl groups, 1 equiv) of polymer 64.  To this was added 22 mg (0.018 mmol, 0.05 equiv) of 67. 
The reaction flask was equipped with a condenser and refluxed for 24 h. Ethyl vinyl ether, 10 
mL (100 mmol), was added and the solution was refluxed 1 h.  The solvent was removed under 
reduced pressure and the thin brown film was taken up in toluene.  The toluene solution was 
passed through a preparative SEC column and the dark fast-moving band was collected.  Solvent 
removal yielded 400 mg of crude polymer that was carried through without further purification. 
The polymer was never completely dried as this often leads to gelation.  1H NMR (CDCl3, 500 
MHz): δ (CHCl3 = 7.26) 6.0–5.6 (b, 5 H), 5.35–5.1 (b, 1 H), 4.5–3.2 (b, 36 H). SEC: Mn(polystyrene) 
= 12,600 g/mol, Mw/Mn = 1.18. MS (MALDI): Major peak = 19,000 g/mol, Mn = 19,500 g/mol.
Dihydroxylation of cross-linked polymer (70).  In a 20 mL scintillation vial was dissolved 400 
mg (1.7 mmol olefins, 1 equiv) of cross-linked polymer 66b in 10 mL of acetone.  To this 
solution was added 1 mL (4 mmol, 2.5 equiv) of an aqueous NMO solution (50% w/w), 2 mL 
tert-butanol, and 8 mg K2OsO4.H2O.  The mixture was stirred open to air overnight.  The solution 
was diluted with 5 mL of H2O, and a nitrogen stream was used to concentrate it.  An additional 5 
mL of H2O was added to maintain homogeneity.  The solution was stirred 1 day.  The solution 
was pumped dry and purified by preparative SEC, yielding 360 mg, (80%) of 70. 1H NMR (D2O, 
500 MHz): δ (acetone = 2.22) 4.1–3.56 (b) SEC: Mn(polystyrene) = 20,500 g/mol, Mw/Mn = 1.45. MS 
(MALDI): Major peak = 22,000 g/mol, Mn = 22,000 g/mol.
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Core removal of cross-linked polymer (71). To a 25 mL aqueous solution containing 250 mg 
(6.3 mmol) of NaOH was added 250 mg (0.013 mmol) of water-soluble cross-linked polymer 
66b and 135 mg (0.710 mmol) of toluenesulfonic acid (internal standard for HPLC analysis). 
The solution was heated in a 75 ºC oil bath for 17 h and samples were removed for HPLC 
analysis after 1, 3, 5, and 17 h.  The reaction mixture was gravity filtered, purified by preparative 
SEC and dialyzed against deionized water.  Drying under vacuum yielded 208 mg (83% mass 
recovery) of a brown film. 1H NMR (D2O, 500 MHz): δ (Acetone = 2.22) 8.9–8.3 (b, 3 H), 4.1–
3.5 (b, 184 H) SEC: Mn(polystyrene) = 22,500 g/mol, Mw/Mn = 1.43. MS (MALDI): Major peak = 
21,700 g/mol, Mn = 22,000 g/mol.
2.5.2 Analytical Techniques
Example Procedure for Equilibrium Dialysis
A cellulose acetate membrane was washed with Millipore water and carefully  dried, then placed 
inside a dialysis chamber.  To the top half of the dialysis chamber was added 100 µL of a stock 1 
mM adenine solution in a 15 mM, pH 10 sodium acetate buffer.  The top half of the chamber was 
then screwed down tightly.  This procedure was repeated with a second dialysis chamber.  To the 
bottom half of one of the dialysis chambers was added 40 µL of a 2.5 mM  solution of 71, 59 µL 
Millipore water, and 1 µL 360 mM  pH 10 sodium acetate buffer.  To the other dialyzer were 
added 99 µL Millipore water and 1 µL sodium acetate buffer.  The bottom chambers were then 
screwed down tightly  and the entire dialyzer was wrapped in parafilm.  The dialyzers were 
placed in a shaker at room temperature for 8 h to equilibrate.  The contents of the top chamber 
was removed and analyzed by  UV-Vis spectroscopy.  A separate reference was prepared by 
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diluting 100 µL of the 1 mM stock adenine solution in 99 uL Millipore water and 1 µL buffer and 
the UV-Vis spectra of this reference was compared to the sample dialyzed against the buffer to 
confirm the solution had reached equilibrium.
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CHAPTER 3
INCREASING THE PHOTOSTABILITY OF FLUORESCENT DYES
3.1 USE OF FLUORESCENT DYES IN MICROSCOPY AND IMAGING
 The formation of fluorescent bioconjugates through the linkage of a biomolecule and 
fluorescent dye has provided the biologist with a powerful tool for imaging and detection.140 
Applications for these bioconjugates include cellular imaging through fluorescent and confocal 
microscopy,141,142 cellular143,144 and biomedical imaging,145-147 proteomics and genomics,148,149 
protein and DNA or RNA interactions,150-152 and flow cytometry.153-155  The chemical technology 
at the heart of all these applications is the large array of readily available amine and sulfur 
reactive fluorescent  dyes.156  Some examples (shown in Scheme 3.1) are the well known dye 
FITC, 72, and rhodamine dyes such as sulforhodamine 101 trade name Texas Red, 73.  A library 
of dyes can be found from the commercial supplier Invitrogen through their subsidiary 
Molecular Probes.157  Protein modification can be accomplished by  reaction of amine groups on 
lysine residues with amine reactive groups such as isothiocyanates, sulfonyl chlorides, or 
succinimidyl esters as shown for compounds 72-74, or through conjugate addition of thiols to 
maleimides as shown for 75.140
 A high performance fluorescent dye should have all of the following characteristics (i) 
high molar absorbtivity  ε, > 104 M-1 cm-1, (ii) high quantum yield, Φfl > 0.25 in aqueous 
solutions, (iii) excellent water solubility with minimal aggregation, (iv) a large Stokes shift, (v) 
sharp fluorescence bands, (vi) minimal reduction of fluorescence upon bioconjugation, and (vii) 
excellent photostability.156  Fluorescein fits almost all of these criteria with a ε = 9.3 x 104, Φfl = 
0.95 in water pH 7 or higher, and shows negligible aggregation.  However, the fluorescence of 
fluorescein is pH sensitive and it  is nearly  non-fluorescent in solutions below pH 6.4.  It also 
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rapidly photobleaches especially when compared to the rhodamine dyes such as 73 and boron-
dipyrromethene (BODIPY) dyes 74 and 75.  The rate of dye photobleaching is a major factor in 
confocal fluorescence microscopy because of the high intensity laser used for excitation.141,142 
Although the more stable rhodamine and BODIPY dyes have shown improvements such as 
reduced pH sensitivity and photobleaching, there is still a need to increase lightfastness158,159 
either with new improved dyes, fixatives and anti-fading agents (AFAs),160 or through molecular 
encapsulation.
Scheme 3.1.  Common dyes used for protein labeling.
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3.2 BLEACHING: MECHANISM AND PREVENTION
 Photobleaching is the process of molecular decomposition of fluorescent dyes caused by 
light exposure.  The process is a result of the chemical reactivity of the molecular excited states 
that occur during photo-excitation.  Mechanisms include photooxidation through singlet oxygen 
formation, dye-dye electron transfer reactions, and radical processes.
3.2.1  The fluorescence process
 The fundamental processes which lead to fluorescence and photodegradation can be 
represented by a Jablonski diagram like that shown in Figure 3.1.147  The lifetimes for each 
process are also listed in Figure 3.1.  The productive processes that  lead to fluorescence are 
labeled 1 and 2 in the diagram, corresponding to photo-excitation and fluorescence respectively. 
Thermal relaxation of the excited state competes with fluorescence and leads to a reduction in 
fluorescence.  The rapid vibrational relaxation of the higher excited states to the first excited 
state S1 leads to an independence of fluorescence wavelength on the wavelength absorbed, 
known as Kasha’s rule.161  Although absorbance can lead to excitation into any  of the vibrational 
states fluorescence typically  occurs from the lowest vibration S1 state.  The excess energy lost 
during this vibrational relaxation leads to an increase in wavelength of the emitted photon and a 
difference in the wavelength of the fluorescence and absorbance.  This difference is called the 
Stokes shift.
3.2.2 The Photobleaching Process
 Specific mechanisms that  lead to photobleaching are generally described as complex or 
unknown.  The dependence of the photobleaching mechanism on each individual dye makes 
evaluating a general photobleaching mechanism difficult, but it is generally thought to initiate 
from the triplet state because of its extended lifetime and to involve molecular oxygen.  In the 
case of fluorescein, oxygen can act as both a physical quencher (reaction 8 in Figure 3.1) or a 
chemical quencher (reaction 13162) with the semi-oxidized radical X as the product of chemical 
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quenching.  It is assumed that R and X lead to the final degradation products although oxygen is 
also thought to be involved in the oxidation of R back to the ground singlet  state.  In addition to 
oxygen, dye-dye interactions can play a role in the photobleaching of fluorescein such as 
reactions 6, 7, 11, and 12 in Figure 3.1 and include the one electron transfer process leading to 
both R and X.163  These reactions are generally seen at  high concentration > 20 µM or very low 
oxygen concentrations.  Tanke et al. proposed these dye-dye reactions become dominant in 
microscopy when dyes are localized to a specific site for visualization.164,165  A more direct 
photobleaching pathway  involving singlet oxygen is observed with cyanine dyes such as 
indocyanine green, 76.166,167  In this case, the cyanine dye produces singlet oxygen through a 
photosensitization process.  Singlet oxygen reacts with the dye along the polymethine chain to 
produce a dioxetane ring which decomposes to the aldehyde products 78, and 79, as shown in 
Scheme 3.2.
Figure 3.1.  Jablonski diagram141 detailing photophysical processes which lead to fluorescence,  phosphorescence 
and photobleaching.  Time, in seconds are typical half lives for each process.  Numbers in jablonski diagram 
correspond to reactions listed on bottom.  Side reactions for fluorescein are also shown including triplet quenching 
and photo-oxidation, along with the proposed structures of the fluorescein degradation intermediates R and X.164,165
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Scheme 3.2.  Photobleaching pathway determined for indocyanine green.165,166
3.2.3  Methods for reducing photobleaching through molecular encapsulation
 Molecular encapsulation of organic dyes has been employed to improve their physical 
and chemical properties, specifically by reducing dye aggregation and increase their 
photostability.140  For instance Anderson and co-workers have reported several studies on the 
formation and properties of cyanine dye α-cyclodextrin rotaxane complexes including an 
efficient synthesis of complex 85 produced on the gram scale as shown in Scheme 3.3.168-170 
Protection of the cyanine dye within the shell of α-cyclodextrin increased its photostability by  as 
much as 40-fold over the unprotected dye.168  Unfortunately encapsulation also resulted in a 
moderate decrease in quantum yield in aqueous solvents for reasons that were unclear.
Scheme 3.3. Synthesis of cyanine dyes embedded in an α-cyclodextrin rotaxane as described by Anderson.168,169
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 Another example of dye encapsulation is the inclusion complex of the highly relevant 
rhodamine 6G with CB7.171  The resulting complex shows reduced photobleaching, decreased 
non-specific binding to glass and plastic surfaces, and increased fluorescence at high 
concentrations (>10 µM) because of reduced aggregation.  The fluorescence lifetime (but not Φfl) 
of the dye also increased from 4.08 to 4.76 ns because of the very  low polarizability  of the CB7 
core.172  Complexes of rhodamine 6G and CB7 have been applied to dye lasers173 and single-
molecule detection174 providing superior performance in each case.  However, unlike the 
rotaxane dye complexes rhodamine CB7 complexes are equilibrium complexes with a binding 
constant > 5 x 104 making them reversible and perhaps unstable in a highly competitive 
environment such as would be the case for cellular imaging.
3.3 HYPERBRANCHED POLYGLYCEROL AS AN ANTIFADING POLYMER MATRIX
 The examples above illustrate the utility of molecular encapsulation to improve the 
properties of fluorescent dyes.  However, each of the host dye complexes relied on a very 
specific interaction or molecular structure to induce encapsulation.  Currently there is no general 
method for encapsulation of the large variety of organic dyes.  Thus, a more general scheme for 
the encapsulation of organic dyes that does not rely on a specific molecular structure would be 
useful.
3.3.1  Project outline
 An alternative to host guest encapsulation would be the encapsulation of an individual 
dye inside a single cross-linked polymer.  A general approach is outlined in Scheme 3.4.  The 
method uses a simple three step process of polymer to dye attachment, polymer cross-linking, 
and dihydroxylation to produce water soluble fluorescent nanoparticles.  By covalently linking 
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the dye and polymer there would be no loss of binding due to dilution.  Several groups have 
utilized similar strategies to encapsulate hydrophobic dyes such as Rubpy175 phthalocyanines176 
and perylene diimides (PDIs) in dendrimers.177,178  In each case, dendrimer conjugation led to 
increased water solubility, or generation dependent increases in fluorescence quantum yield (Φfl).
Scheme 3.4. Synthetic approach to dye core organic water-soluble nanoparticles.
 To determine the extent of encapsulation of the dye in the cross-linked network a 
molecular model of the dye polymer structure was made using fluorescein as a dye core as 
shown in Figure 3.2.  In the model, fluorescein was attached to three 1500 g/mol HPG using 
three triazole linkages.  Structure (a) was generated using the MOE modeling software and 
randomized by running a dynamic simulation at 2000 K for 100 ns.  Allyl groups were attached 
to the hydroxy groups and allyl groups lying next to each other were linked via a metathesis 
reaction.  The structure was minimized and this procedure was repeated until all of the allyl 
groups were linked.  This produced structures (b) and (c).  Based on the models, structure (c) 
provides considerable site isolation whereas structure (b) is an example of the possible dye 
extrusion that can take place during the cross-linking process.  Based on these models it  appears 
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that the cross-linking will result in a heterogeneous mixture of dyes some of which are highly 
exposed, and some which are well protected from the environment. 
Figure 3.2. Molecular models of 72 attached to a 5000 MW HPG.  a) Uncross-linked HPG after undergoing a 
dynamic randomization processes.  b) and c) Example structures from a random cross-linking process.  Closely 
lying allyl groups were linked and the structures were then energy minimized.  The process was repeated till all of 
the allyl groups were cross-linked.  Examples show possibilities for the encapsulation process from (b), complete 
extrusion of the dye, to (c), fully encapsulated dye in the cross-linked polymer network.
3.3.2   Synthesis of fluorescein core nanoparticle
 To make FITC amenable to click chemistry, a triazide amine linker 86 was synthesized 
following the procedure by Diaz et al.179  Compound 86 was reacted with FITC to yield a 
fluorescein triazide 87 as shown in Scheme 3.5.  This compound was attached to 62 (Mn = 2000 
g/mol) with copper sulfate and sodium ascorbate in biphasic water, methanol, and CH2Cl2 using 
a variation of the conditions described by Kim and coworkers.122  Size exclusion 
chromatography  (SEC) was performed to remove unreacted 62 and provided 88 in 81% yield. 
Because of its large size, the 1H NMR spectrum of 88 was dominated by the PG backbone and 
terminal allyl groups.  Peaks corresponding to the core dye were significantly broadened making 
assignment of specific peaks or an estimation of MW difficult.  However, IR analysis of the 
product showed almost no sign of the strong azide peak at 2100 cm-1 indicating that 88 had 
reacted at all three azide groups.   It is surprising that three large branched polymers could all 
react at the sterically  congested position of the triazide group of 87 and it  is further evidence of 
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the utility of the click reaction.  The polymer was made water soluble following a simple osmium 
catalyzed dihydroxylation in aqueous acetone to produce uncross-linked dye 89.  The allylated 
PG was also intramolecularly cross-linked using Hoveyda Grubbs catalyst, 90, prior to osmium 
catalyzed dihydroxylation to produce cross-linked dye 91.  A third water soluble fluorescein 
derivative, 92, was synthesized which incorporated PEG (Mn = 2000 g/mol) chains instead of 
HPG, scheme not shown.
Scheme 3.5.  Synthesis of fluorescein functionalized water-soluble HPG nanoparticle.
 Table 3.1 outlines the change in size of the polymers for the synthesis of 91.  SEC 
analysis of the non-fractionated polymer 88 shows a 3-fold increase in molecular weight (Mp of 
62 was 3850, Mp of 88 was 12,500 g/mol) further verifying the conversion of all three azide 
groups to triazoles.  In addition to increasing in size, the Mw/Mn of 88 also improved.  This 
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reduction in polydispersity is expected based on statistical models for the random attachment of 
polymers to a core,180,181 however the partial fractionation of 88 during the purification process 
could have also contribute to the improved polydispersity.  As expected, the cross-linking of 88 
resulted in a significant reduction in size, typical for a highly cross-linked polymer structure. 
The reason for the large increase in Mw/Mn after cross-linking is not clear.  Previously, only 
cross-linked HPG which had obvious intermolecular cross-links resulted in increases in Mw/Mn. 
In this case, intermolecular cross-linking is not  observed in the SEC so the increase in 
polydispersity may result from a non-uniform distribution of cross-link density in the polymers. 
Unfortunately, because of the distribution of molecular weights, this non-uniform cross-link 
distribution can’t be confirmed by MALDI characterization.  Dihydroxylation resulted in a large 
increase in size (Mn increased from 6,800 to 15,800 g/mol) by SEC.  This 130% increase in Mn is 
far greater than the theoretical increase in mass of 16%.  The reason for this large increase in size 
is not clear.
Table 3.1. SEC characterization of fluorescein HPG conjugates.
Compound Polymer Mn (SEC) (g/mol)a Mw/Mn % cross-linkedb
62 HPG 3850 1.69 0%
88 HPG 12,200 1.39 0%
90 HPG 6800 1.85 90%
91 HPG 15,400 1.54 90%
92 PEG 13,800 1.14 NA
a. Determined using polystyrene molecular weight standards and DMF solvent.
 Table 3.2 shows the UV, fluorescence, and quantum yield for the three dyes.  There is a 5 
nm red shift in the fluorescein peak when the dye is attached to HPG that is uncross-linked, 89 or 
cross-linked 91.  This 5 nm red shift is not observed in the PEG conjugate 92.182  This is an 
indication that there is at least a partial encapsulation of the dye within the HPG, which is not the 
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case when the dye is conjugated to PEG.  The Φfl for dyes 89 and 92 remained similar to 
fluorescein near 0.8.  However, cross-linked dye 91 has a Φfl which is less than half that of 
fluorescein.  The reason for this loss of fluorescence is discussed below.
Table 3.2. UV-Vis and fluorescence data for fluorescein based dyes.
Compound Polymer λmax H2O (nm) Fluor(max) H2O (nm) Φfl H2O
89 HPG 498.5 519 0.83
91 HPG 499.5 520 0.45
92 PEG 494.5 515 0.71
3.3.3	  Stern	  Volmer	  Analysis	  and	  Photobleaching	  Studies	   Site isolation of fluorescein in the cross-linked and uncross-linked PG derivatives 89 and 
91 was studied using Stern Volmer analysis (see Figure 3.3a).  NaI has been shown to be an 
effective quenching agent  for fluorescein with a small static component.183  Both the cross-linked 
and uncross-linked polymers proved effective at reducing the quenching from iodide, reducing 
the “apparent” Kq by a factor of 4 when compared to dye 25.  The reduced quenching may result 
from: (i) decreased accessibility of the quencher to the fluorophore, (ii) reduced fluorophore 
diffusion constraints due to the large size of the polymer bound dye, (iii) decrease in the 
fluorescence lifetime, which could result from competing quenching processes induced by the 
polymer itself.  Johnson and Yguerabide have examined the quenching rate of fluorophores 
bound to proteins theoretically and experimentally  and presented a theoretical model that showed 
binding of fluorescein to cobra α-toxin, an 8 KD protein in the range of the polymers used in this 
study, should reduce KQ 39% before considering any protecting effects.184  Even considering the 
reduced diffusion rates of the dyes there is still a 2.5 fold reduced quenching rate for the polymer 
conjugates and the free dye.  This assumes that there is no decrease in fluorescence lifetime from 
quenching induced by  residual metal trapped in the polymer, see below.  A comparison of the 
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cross-linked and uncross-linked PG showed a negligible difference indicating that the cross-
linking process did not aid in the effective site isolation of the dye.  It is surprising that the cross-
linked and uncross-linked dyes showed almost identical exposure to the quenching agent.
 A comparison of the photostability  of 89 and 91 using a 100 W flood lamp is shown in 
Figure 3.3b and follows a similar trend to that observed in the Stern-Volmer analysis.  Both 
polymers were almost identical and outperformed fluorescein.  It is surprising that the 
photobleaching of the two dyes are so similar given the higher Φfl of 89.  The similarity  of the 
photobleaching rate and KQ for 89 and 91 indicate that the cross-linking did not localize the 
polymer around the dye.  One possibility is that the dye is localized on one side of the polymer or 
another, or the cross-linking forces the dye out of the central region of the polymer as shown in 
Figure 3.2 structure (b).  Half life measurements could not be determined from these data as the 
photobleaching rate seemed to accelerate during the course of the experiment.  This was believed 
to be a result of the increase in temperature of the samples during the experiment with the 
increasing time period of exposures.  This problem was solved by  using a 470 nm LED which 
could provide ample light to bleach the samples in a reasonable time frame without affecting the 
sample temperature.  Photobleaching curves obtained using this new light source are shown in 
Figure 3.3c.  Polymer 89 is not shown and assumed to be nearly  the same as 91 as shown 
previously.  The cross-linked HPG conjugate 91 was again more stable than fluorescein with a 
half life 3.5 times greater.  HPG 91 also outperformed the PEG conjugate 92 in photobleaching 
studies, indicating that the HPG is superior in protecting the dye from O2 or dye-dye 
photobleaching pathways.  However, dye 91 did not maintain a high Φfl expected for fluorescein 
in aqueous solutions as was the case for 89 and 92.
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Figure 3.3.  Analysis of fluorescein functionalized HPG polymers. a) Stern-Volmer plots of fluorescein derivative 
25 and the uncross-linked and cross-linked derivatives 89,  and 91.  KQ for fluorescein calculated based on the first 4 
linear data points.  Upward slope of curve also observed in reference and imply some static component to the 
quenching.183  Polymers 89,  and 91 almost perfectly overlap, indicating similar protection for both polymers.  Values 
reported for KQ are effective KQ and not absolute since fluorescence lifetime measurements are not known.  b) 
Photobleaching curves for 89 and 91 compared to fluorescein obtained using a 100W flood lamp.  c) Photobleaching 
curves of 91 and PEG conjugate 92 compared to fluorescein.  Samples were illuminated by a 470 nm LED and their 
fluorescence was monitored periodically.  Time listed is the total time under illumination.  See experimental section 
for conditions.
 One explanation for the reduced fluorescence of 91 compared to the other two dyes is 
that it is unable to fully ionize in the hydrophobic environment created by the collapsed cross-
linked polymer shell.  The charge state of fluorescein affects its fluorescence and a hydrophobic 
environment would result in a change in pKa of the acidic residues of the dye.  However, a 
101
comparison of the pH dependent fluorescent curves of 91 and fluorescein show that the two dyes 
respond almost identically to solution pH (see Figure 3.4).  
Figure 3.4.   Titration of fluorescein a 1 µM solution of fluorescein derivative 25 or fluorescein nanoparticle 91 with 
a 100 mM sodium phosphate solution and following the relative fluorescence and the pH of the solution.
 A second possible explanation for the reduced Φfl of 91 is self quenching of the dye due 
to the formation of polymer aggregates.  Burakowska et al.185 reported that allylated, cross-
linked, and dihydroxylated HPG could aggregate in low ionic strength aqueous solutions. 
However, no information about concentration or number of cross-links was discussed.  Aqueous 
SEC traces of 91, loaded at a concentration of 2 mg/mL were broad, (Mw/Mn = 2.3) but remained 
relatively small based on elution time (Mn = 8,800 g/mol based on PEG standards).  DLS 
measurements of 91 in 100 mM sodium phosphate buffer (pH = 8) showed concentration 
dependent aggregation.  At low concentrations, < 100 mg/L there is no sign of any aggregates or 
polymers presumably from the low concentration and small size of the unaggregated polymer. 
However, at  higher concentrations, 270 mg/L, aggregates were observed with an average 
hydrodynamic diameter of 95 nm.   This is similar to the aggregates reported previously.185 
These large aggregates should be easily detected by  DLS at lower concentrations and shows that 
the dye is not aggregating below 100 mg/L.  The highest concentration used for the Φfl 
measurements was 15 mg/L and photobleaching experiments were performed at 12 mg/L making 
102
it unlikely  the dyes were influenced by aggregation during these measurements.  In addition, 
fluorescence verse concentration measurements for 91 yielded linear curves at concentrations 
below 15 mg/L, also showing that the dye is not being influenced by aggregation at this 
concentration.
 A third possible explanation for the reduced Φfl of 91 is the presence of residual Ru or Os 
metal in the polymer shell.  Heavy metals are known to quench dye excited states186,187 and the 
ruthenium from Grubbs catalysts is notoriously difficult to remove.188  The HPG polymer is 
known to act as an effective ligand for various metal species because of its crown ether like 
structure making metal removal even more difficult.189  The presence of heavy  metal 
contamination was confirmed by Inductive coupled plasma mass spectrometry  (ICP-MS), which 
showed that both Os and Ru are present in 91 at > 1000 ppm.  This high level of metal 
contamination makes it the most likely reason for the reduced Φfl of compound 91.
3.4	  PREVENTION	  OF	  π-­STACKING	  OF	  AN	  INSOLUBLE	  AND	  STABLE	  DYE	   A	   second	  route	  to	   improving	  dye	  photophysical	  properties	   for	  biological	   imaging	  is	  to	  start	  with	  a	  highly	  stable,	   but	   insoluble	  dye,	   and	  make	  it	  water	  soluble	  through	  polymer	  conjugation.	   	  PDIs represent a highly fluorescent and stable class of dyes that are insoluble in 
aqueous solutions and the strong tendency for this dye to aggregate results in reduced 
fluorescence.190  Recently several groups have overcome this limitation.  For instance, Müllen191 
used the bay substituted PDIs (see Scheme 3.6) to incorporate multiple charged species to the 
dye producing several highly fluorescent ionic dyes.  These dyes could be further modified 
through one of their imide groups to attach biotin or for protein conjugation.  However, these 
dyes carried charged groups making them susceptible to non-specific absorption to biological 
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membranes and proteins.192  Haag et al.193 incorporated perfectly  dendritic PG at the imide 
positions to produce some of the most fluorescent PDI dyes observed in aqueous solution. 
Incorporation of the dendrimers at the imide positions however resulted in a dye which could not 
be further functionalized for bioconjugation.
Scheme 3.6.  Water soluble PDI derivatives synthesized by Müllen 93, 94,191 and Haag 95193 with the bay region 
highlighted.
A HPG modified PDI functionalized at the bay position would provide a neutral and 
water soluble dye that could allow further modification at the terminal diimide region of the dye. 
The synthesis of this dye begun with the bay substituted tetrachloro PDI, 96.  Ideally the HPG 
polymers would be as close to the dye as possible, and thus a direct transformation of the 
chloride groups to azides was attempted using a simple sodium azide displacement strategy. 
These attempts failed, however, as treatment of 96 with sodium azide resulted in the precipitation 
of a blue intractable solid.  This is not surprising as substitution at the bay region of PDI dyes are 
known to only form stable products when substituted with phenols.194  An alternative synthesis 
was attempted starting from the tetrahydroxy PDI 97 as shown in Scheme 3.7.  This molecule 
was synthesized in two steps starting from 96.195  The four hydroxy groups were easily 
transformed into tosyl groups to produce intermediate 98.  The tetraazide, 99, was then prepared 
by azide displacement.  This compound acted as a core that was attached to the water soluble 
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polymer by click chemistry using CuI in DMF and HPG 21 (Mn = 3000 g/mol) to produce 
polymer 100.  A MW of 12,000 g/mol for 100 was determined by 1H NMR based on the 
integration ratio of the HPG backbone and the 4 isopropyl groups of the core and implied that all 
four azide groups had reacted during the conjugation.  The peaks of the PDI core were also 
significantly broadened as expected for a polymer conjugate.
Scheme 3.7.  Synthesis of HPG conjugated to PDI at the bay region.
 Visual inspection of 100 in methanol solution indicated that conjugation to HPG was 
sufficient to completely dissolve the dye producing a red highly  fluorescent solution.  In aqueous 
solutions this dye became light purple and its fluorescence was reduced indicating some 
aggregation was occurring.  The red fluorescence could be recovered with the addition of a small 
amount of sodium dodecylsuflate (SDS).  A 24 nm blue shift in the UV-Vis and fluorescence 
spectra was observed in DMF versus aqueous solutions.  The red shift was accompanied by a 
substantial decrease in Φfl indicating the polymers did not eliminate aggregation.  For 
comparison, a PDI polymer conjugate was synthesized which incorporated linear PEG (Mn = 
2000 g/mol) instead of HPG, 102 (shown in Scheme 3.8).  This polymer proved even less 
fluorescent with a quantum yield of 0.04 compared to 0.14 for 100.  Given the structural 
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similarities of the two dyes the branching of the HPG groups in 100 affords some protection 
from self quenching in solution whereas the PEG derivative is easily rearranged to allow the 
formation of dye aggregates in aqueous solution.
Scheme 3.8.  Synthesis of PEG and cross-linked HPG functionalized PDI.
 To further protect the dye from the aqueous environment and reduce aggregation, a cross-
linked HPG shell was attached to the dye (see Scheme 3.8).  Allylated HPG 62 (Mn = 4700 g/
mol) was reacted with 99 via click chemistry using CuI in DMF to produce organic soluble, 
polyallyl polymer, 103.  This polymer was cross-linked under high dilution to yield an 
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intermediate 104.  1H NMR spectra of 104 showed the polymer was 75% cross-linked based on 
integrations in the allyl region.  This low degree of cross-linking was preferred over a completely 
cross-linked polymer, as the cross-linking process results in a reduction in the number of 
hydroxy groups present following dihydroxylation and could lead to reduced solubility.  Polymer 
104 was then dihydroxylated in a water acetone mixture to yield the water soluble dye 105.
 A comparison of compounds 100 and 105 showed very  similar fluorescence in aqueous 
solutions with a Φfl of 0.14 and 0.16, respectively.  The differences between the two dyes was 
more apparent when observing their fluorescence change upon going from a DMF to aqueous 
solution as shown in Figure 3.5.  Whereas both dyes show an obvious decrease in relative Φfl 
with increasing amounts of water, the reduction in quantum yield is not  as dramatic for 105. 
However, the Φfl of 105 in DMF is lower than that for 100 which is likely a result of the presence 
of residual metal in the cross-linked polymer and results in an apparent similarity  of the Φfl of the 
two dyes in aqueous solution.  In addition, the fluorescence of 105 exhibits an 11 nm red shift in 
aqueous solutions, compared to an 18 nm red shift for 100 (see Table 3.3).  Thus, the PDI core is 
less affected by  the polar aqueous environment in the cross-linked polymer 105 then the uncross-
linked dye 100.   Unfortunately, because of the reduced fluorescence in organic solvent, there is 
not an overall improvement in the dye’s Φfl in aqueous solutions, and the Φfl is well below that of 
small ionic dyes such as 93 and 94, which typically have Φfl between 0.5 and 0.6 in aqueous 
solutions.191,196
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Table 3.3. Polymer characterization and UV data for PDI based dyes.
Dye Polymer Mn (SEC) a 
g/mol
Mw/Mn 
(SEC)a
% cross-
linked
λmax DMF
(nm)
λmax H2O
(nm)
Fluor(max) 
DMF (nm)
Fluor(max) 
H2O (nm)
Φfl DMF Φfl H2O
100 HPG 26,300 1.14 0% 579 593 609 627 0.49 0.14
102 PEG 11,400 1.2 NA 578 588 0.41 0.04
105 HPG 10,600 1.58 75% 578 588 607 618 0.29 0.16
a. Determined using polystyrene molecular weight standards and DMF solvent.
Figure 3.5. a) Change in Φfl with change in solvent for cross-linked dye 105  and  uncross-linked dye 100.  b) Images of 100  in 
water and methanol showing the loss of fluorescence in aqueous solutions.  Top image in white light, bottom image, fluorescence 
produced from 327 nm UV lamp.
3.5 HYPERBRANCHED POLYGLYCEROL INDOCYANINE GREEN CONJUGATES
 The indocyanine dyes represent a diverse set of dyes commonly  used in biological 
applications.  They are especially  useful because of their wide wavelength range which includes 
the useful NIR region.197-199  The main drawback to these dyes are their low Φfl and oxygen 
induced degradation.166,167  The low Φfl of this class of dyes has been attributed to the flexible 
polymethine backbone where torsional rotation accounts for 70 – 90% of the radiationless singlet 
state decay.200,201 Because of this loss in fluorescence, several groups have undergone significant 
synthetic efforts to prevent bond rotations by placing a fused ring along the polymethine 
backbone.202,203  However, substitution along the polymethine backbone often leads to reduced 
Φfl due to torsional disruption of the isomerizable bond.202  On the other hand, the addition of 
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bulky groups at the ends of the cyanine dyes has been observed to increase the dye’s Φfl by 
increasing the steric demands of the cis/trans isomerization.200
Based on the work of Heek et al. who showed that imine substituted PG dendrons were 
effective at completely eliminating aggregation of PDI dyes,178 it was felt that substitution of the 
peripheral ends of indocyanine dyes would offer a similar protective role to help prevent oxygen 
dependent dye decomposition.  In addition, dendron substitution could lead to an increase in the 
Φfl of the dye because of the increased steric demands placed on the cis/trans isomerization.  To 
investigate this possibility, a series of indocyanine dyes (Cy5 dyes) were synthesized with first, 
third, and fourth generation polyglycerol (PG) dendrons attached.  Thus, monoazide PG 
dendrons were prepared as described by Haag et al.204  The azide core was reduced to amines to 
produce monoamine dendrons, 108a-c.
Scheme 3.9.  Synthesis of Cy5 dendrimers.
 Dicarboxylated indodicarbocyanine dye 106 was used as a core to produce dye 
conjugates 107b and 107c using standard amide coupling agents (see Scheme 3.9).205,206  These 
dyes were purified using reverse phase column chromatography.  SEC traces of 107b and 107c 
are well defined with Mw/Mn < 1.1 (see Figure 3.6a and 3.6b) typical for perfect dendrimer 
structures.  It is clear from the overlap of the RI and UV signal in the SEC traces that the dye and 
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polymer are covalently  bound.  ESI MS of 107b and 107c show 3 peaks corresponding to m/z = 
M+1, M+2, and M+3.  1H NMR of the products provides an overlay of the two starting materials, 
however the peaks corresponding to the dye have been broadened due to reduced rotational 
freedom of the dendrimer.  A high MW shoulder is observed in the crude SEC traces of 107b 
shown in Figure 3.5c, which presumably resulted from interdendron cross-linking to the dye 
core.  This cross-linking provides evidence that the amine is not  the exclusive reactive species on 
the dendrons and competitive ester formation can occur from the polyol dendron surface under 
amide coupling conditions.  This is not  surprising given the steric demands at the core amine of 
the third and fourth generation dendrimers used in this synthesis.  An alternative route was used 
for the first generation dendrimer 107a, which was synthesized through an alternative route using 
the protected dendron 109 followed by acid deprotection.
Figure 3.6.  SEC traces (Aqueous,  1 mL/min) of a) 107b  and b) 107c. c) Crude SEC trace of 107b prior to 
purification by reverse phase chromatography showing the high molecular weight shoulder.
 In aqueous solution, UV-Vis absorption spectra showed only a small change in λmax 
increasing 2 nm with each generation (Figure 3.8).  There is also a decrease in the relative 
intensity of the 0-1 vibrational transition at  612 nm compared to the 0-0 transition207 as the 
dendrimer generation decreases resulting in a sharpening of the overall absorption curve with 
increasing generation.  Relative intensities of the side band at 612 nm decrease from 0.41 in 107a 
to 0.30 in 107b.  The relative fluorescence spectra of the three dyes remained almost unchanged, 
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resulting in an overall reduction in the stokes shift  on going from the 1st to 4th generation 
dendrimers 107a to 107c.
Figure 3.7.  UV and fluorescence curves for 107a-c. 
 The Φfl of the dyes did increase with dendrimer generation as predicted based on the 
reduced rotational freedom of the polymethine backbone (see Figure 3.8 inset).  Increases in Φfl 
are typically  observed in cyanine dyes when conjugated to proteins, but are far more dramatic for 
Cy3 dyes then for Cy5 and often no difference is observed for free dye and protein conjugates in 
the case of Cy5 dyes.208,209  However, schobel et al. has reported an example of increases in 
quantum yield as high as 3-fold for Cy5 dyes.210
 The photostability  of these dyes was assessed using a 633 nm HeNE laser in aerated 
aqueous conditions.  The absolute fluorescence over time was monitored and is shown in Figure 
3.8.  The increased Φfl of 107c is evident as this dye is more fluorescent than the other two over 
the course of the entire experiment.  However, the relative bleaching rates for the three dyes 
remain almost unchanged.  In fact, 107b is the fastest bleaching dye based on relative 
fluorescence while 107c is within error of 107a, not  shown.  Overall, the effect of the G4 PG 
dendrimer is to provide an increase in Φfl while maintaining the dye’s photobleaching profile. 
The increase in relative bleaching for 107b may result  from an increase in the singlet  excited 
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state lifetime of 107b giving it more time to react with oxygen resulting in higher concentrations 
of 1O2 and leading to increased photobleaching.
Figure 3.8.  Photobleaching curves for dyes 107a-c.  Inset, plot of Φfl of the dye against the MW of the dendrons 
attached to the Cy5 core.  See experimental section for conditions.
3.6 ATTACHMENT OF ANTI-FADING AGENTS TO DYE HPG CONJUGATES
 Although the above methods demonstrate that there are some improvements in dye 
fluorescence and photostability  that can be achieved through a site isolation method, there are 
some distinct  disadvantages as well.  Most notably are the presence of heavy metal impurities 
produced during the cross-linking and solubilizing process, and there is no clear method for the 
monovalent attachment of the dye to a protein or oligonucleotide.  None of the examples showed 
a clear advantage over conventional dye conjugates, especially  when considering the protective 
effects of attaching the dye to a biomacromolecule such as a protein or antibody.  Here an 
alternative method for improving dye stability using AFAs is described.
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3.6.1 Mechanisms for antifading agents
 The first example of the use of AFA in fluorescence microscopy was demonstrated by 
Giloh and Sedat160 who showed that addition of 5% n-propyl gallate (nPG) in glycerol could 
increase the half life of rhodamine and fluorescein 10-fold.  Similar but less dramatic results 
using oxygen-reactive compounds ascorbic acid, p-Phenylenediamine (PPD), and dithionite lead 
the investigators to deduce that  oxygen removal led to reduced photo-oxidation.  Later, 
Humphries et al.211 showed that nPG was an effective AFA for fluorescein even in argon purged 
borate buffer solutions leading to the conclusion that nPG was reacting directly with fluorescein 
to quench excited triplet and singlet states (Flt1 and Fls1) that  would otherwise lead to 
photodegradation.  Siedel et al. showed that with rhodamine dyes, antioxidants such as nPG and 
ascorbic acid, and the triplet state quencher MEA were effective AFAs because they  reacted with 
photo-ionized rhodamine species to regenerate the singlet ground state.212  Tinnefeld expanded 
on the use of AFAs with a two component reducing and oxidizing system, or ROXS.213  Using 
this system he was able to show that the bleaching pathway is dependent on the reduction 
potential of the triplet species and its tendency to ionize to the radical cation or radical anion. 
Based on these experiments a general view of the photobleaching pathway and the effects of nPG 
and methyl viologen (MV) is shown in Scheme 3.10.
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Scheme 3.10.  Proposed mechanism of AFAs, nPG and MV.
 In Scheme 3.10, photo-excitation and intersystem crossing (ISC) leads to the formation of 
triplet excited state, Flt1.  From there an oxidation or reduction occurs depending on the dye and 
the reduction potential of the environment.  For a dye which favors oxidation to the radical 
cation, R•+, a second oxidation can then lead to the photo-oxidized product, Pox.  Adding nPG 
prevents this step  by reacting with R•+ to regenerate the ground state singlet, Fls0.  For dyes that 
favor reduction, the presence of nPG can increase photobleaching by promoting the two step 
reduction degradation pathway leading to the reduced product, Pred.213  The presence of an 
oxidizing agent such as MV should reduce photobleaching of species that tend to be reduced. 
The ROXS system uses both MV and nPG to generate the R•+ from the triplet state FlT1 and 
rapidly oxidizes it back to FlS0.  Note that molecules that are effective triplet state quenchers such 
as COT or O2 can also act as stabilizers if the rate of triplet quenching is rapid enough.
3.6.2 Examples of dyes linked to antifading agents.
 Surprisingly there are no examples of a polyvalent system of AFA’s used to stabilize a 
fluorescent dye through covalent attachment.  The first example of a dye tethered to an AFA was 
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reported by  Davidson who showed that a tertiary amine attached to anthracene by a short tether 
(110 in Figure 3.9) prevented the formation of the anthracene dimer usually  observed during 
irradiation in the presence of oxygen.213  Synthesis of a series of compounds which are 
susceptible to photo-oxidation showed that the intramolecular protection of tertiary amines 
through covalent attachment to the dye was more effective than addition of tertiary amines to the 
dye solution.215  A similar study was performed by Lütke et al.216 using a laser dye.  They 
showed that the covalent attachment of 1 or 2 tertiary amines to dimethyl-2,2´-(1,4-phenylen)-bis
(5-phenyloxazole) (dimethyl-POPOP) (111a and b in Figure 3.9) provided up to a 2-fold stability 
enhancement during laser pumping.217  In an earlier study by the same group, the triplet quencher 
trans-stilbene was attached to dimethyl-POPOP (112a and b in Figure 3.9) to reduce triplet-
triplet absorption during lasing and increase laser efficiency.217  In there report, only  laser power 
output was studied, and no stability testing was presented.  
 A more recent example of a fluorophore AFA pair is the work by Cosa et al. who 
synthesized a radical scavenging indicator by covalently  linking a BODIPY dye to trolox (TR), 
113.218  Dye 113 uses photoinduced electron transfer219 to quench the singlet state of the 
BODIPY dye and prevent fluorescence.  Upon oxidation of TR by a peroxy  radical, 
photoinduced electron transfer is no longer favored and the dye becomes fluorescent. 
Unfortunately the authors did not explore the use of TR as an AFA and did not look at how the 
number of methylene groups between the TR group and the dye affected the quenching of the 
dye or its photostability.
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Figure 3.9. Structure of dye molecules with covalently linked dye stabilizers.
3.6.3 Project Design
 Despite their widespread use, AFAs are limited by a number of factors especially in live 
cell imaging most notably because of their toxicity and possible influence on the cellular 
processes being studied.220  Ascorbic acid, vitamin E, and enzymatic oxygen removal may be 
used for live cell studies but are less effective than nPG and other AFAs.  Ideally the AFA could 
be added at very low concentrations similar to the dye concentration to reduce its effect on the 
biological system.  One approach would be to covalently  confine the AFA to the dye via a spacer 
that could provide a high effective concentration of the AFA in the presence of the dye.  The use 
of a water soluble and biologically compatible scaffold such as HPG may  also mitigate some of 
the unwanted side effects that might be encountered from the use of the AFA.  Figure 3.10 
outlines this simple design using polymer 21 as the polymer scaffold.
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Figure 3.10.   General outline for the dye stabilizing system using AFAs covalently linked to a central core 
containing fluorescent dyes.  The AFA’s are localized near the dye to maximize their effectiveness and minimize 
their cellular toxicity.
 For this study, fluorescein was chosen as the dye because it’s reactive derivatives are 
relatively inexpensive. There are many AFA’s that are known to be effective for this dye, 
particularly because of fluorescein’s tendency  to photobleach in the absence of AFAs. 
Fluorescein is a well known dye, commonly used for biological imaging.  There are also several 
studies detailing its mechanism of photobleaching and the effects additives have on the 
photobleaching process.  The AFA selected for this study has to be i) water soluble to prevent 
polymer aggregation and dye AFA complex formation, ii) chemically stable to prevent polymer 
cross-linking, iii) have a convenient chemical handle to attach to the polymer scaffold which 
won’t affect it’s redox capability, and iv) be a known stabilizer of the fluorescein dye.  Several 
possible candidates are listed in Table 3.3 along with their chemical structures.  Based on these 
criteria, nPG was chosen as a starting point based on its established effectiveness as an AFA for 
fluorescein, its water solubility, and its acid precursor provides a convenient route for 
conjugation to HPG.  Attachment of gallate to the polymer via an ester bond should not alter its 
chemical properties.
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Table 3.4. Structure of several AFAs commonly used for dye stabilization.
AFA Structure Comments AFA Structure Comments
nPG Functionalization at 
ester could provide 
convenient synthetic 
handle.
COT Not water soluble,  
no synthetic 
handle.
Ascorbic 
Acid
Several reactive 
sites could lead to 
polymer cross-
linking.
MEA Oxidation of thiols 
could lead to 
polymer cross-
linking.
PPD Multiple reactive 
sites could lead to 
cross-linking.  Free 
amine would react 
with dye.
TR Reaction at acid 
limits solubility.  
Phenol important 
to AFA properties.
3.6.4 Synthesis of Gallate HPG conjugates
 A series of gallate derivatives was tested to determine the aspects of the molecule that 
were important to its anti-bleaching behavior and their absolute and relative bleaching rates are 
shown in Figure 3.11.  Not surprisingly, methyl gallate, 114 outperformed the other compounds 
in terms of photostability and quenching.  The amide derivative, 115, was not as effective at 
stabilizing fluorescein.  In addition, solutions of 115 quickly turned brown or black in pH 8.1 
buffer solution, indicating that this molecule has limited stability in slightly alkaline solution. 
Solutions of 114 show a similar tendency to darken when exposed to higher pH.  It is well known 
that gallates can undergo oxidative coupling through the formation of the orthoquinone.221-223 
Thus, alkylation of the para-phenol should provide a more chemically stable molecule by 
preventing the formation of the orthoquinone and eliminating oxidative coupling.  However the 
para-substituted gallate, 116, was less effective as an AFA and also quenched the fluorescence of 
fluorescein.  There was almost no stabilizing effect for the trialkylated gallate amide 117.
118
Figure 3.11.  Comparison of photobleaching rates for 2 µM fluorescein solutions in a 0.1 M pH 8.1 sodium 
phosphate buffer.  Solutions contained 10 mM of the additive shown in the graph.  Bleaching was performed in open 
air saturated solutions using a focused 1.3 mW HeIon laser at 488 nm.  Each curve represents an average of three 
different trials.   a) Absolute fluorescence measured by CCD camera. b) Fluorescence relative to T0 of each curve. 
See experimental section for conditions.
 Based on these results it was thought that a gallate ester would provide the ideal AFA, 
and conjugation through an amide bond would yield an unstable and less effective AFA.  If 
oxidative coupling of the gallate groups still leads to polymer cross-linking a para substituted 
derivative such as 116 could be considered instead.  Conjugation of gallic acid to HPG 21 began 
via acid 118, Scheme 3.11, utilizing a TBDMS protecting group strategy.224  Attempts to link 118 
to 21 using EDC in DMF failed because of the limited nucleophilicity  of the polymer’s hydroxyl 
groups.  Alternatively 118 was converted to the activated ester 119.  NaH was then used to 
couple 5 equivalents of 119 to 21 (Mn = 6000 g/mol).  1H NMR analysis of the resulting polymer 
indicated that only 2 gallate molecules were attached to each polymer (1 gallate group/45 
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monomer units).  Fluorescein was then attached to the polymer using 25 and CuI in DMF to 
produce polymer 121.  The gallate groups were then exposed by TBAF deprotection in 
isopropanol to give polymer 122.  Unfortunately, 122 showed no sign of gallate groups 
remaining on the polymer backbone by 1H NMR.  The UV-Vis spectra of 122 also showed no 
sign of the gallate groups and the rate of photobleaching for 122 and 26 was similar indicating 
that the gallate groups were probably hydrolyzed during the deprotection and subsequent 
dialysis.
Scheme 3.11. Attempted synthesis of HPG gallate conjugates using TBDMS protected gallic acid.
 Another approach using acid chloride 123225 proved more effective at conjugating gallate 
to 21.  Protection of gallic acid using benzyl protecting groups has been used in a several total 
syntheses involving gallate derivatives,226,227  There was concern that the sulfur group on the 
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thiourea of fluorescein could interfere with the palladium catalyzed hydrogenolysis of the benzyl 
groups, however this did not prove to be a problem.  Polymer 21 (Mn = 6000 g/mol) was reacted 
with 123 in DMF using TEA base and DMAP catalyst  providing 124a and 124b with either 6 
(using 20 equivalents 123) or 20 (using 80 equivalents 123) gallate groups attached to the 
polymer respectively.  Surprisingly, 124b was not stable and upon drying could not be 
redissolved in solvents such as DMF and DMSO likely  from cross-linking of the gallate groups. 
The less functionalized polymer 124a was reacted with 25 to yield the clicked fluorescein 
functionalized product 125.  Hydrogenolysis of 125 using Pd/C at atmospheric pressure required 
several days and could be followed by 1H NMR.  Partially deprotected products could be isolated 
and characterized by 1H NMR, however, fully deprotected products could not be obtained 
presumably because of intermolecular cross-linking of the gallate groups and subsequent 
removal during the filtration of the Pd/C.
Scheme 3.12. Synthesis of benzyl protected gallate linked to fluorescein functionalized HPG.
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3.6.5 Synthesis of para-functionalized gallate HPG conjugates.
 Because the intermolecular cross-linking of the gallate polymers was thought to occur 
through the orthoquinone group, substitution at the para-position of gallate should prevent cross-
linking by eliminating orthoquinone formation.  With this in mind, a benzyl protected acid 
chloride 126 was synthesized containing a triethylene glycol (TEG) chain at  the para-position 
(Scheme 3.13).  The TEG group may also provide additional water solubility.  This compound 
was prepared starting from methyl gallate, 114 and using the weak base KHCO3 taking 
advantage of the increased pKa of the para hydroxyl group of 114 to attach the TEG unit at the 
para position.228  The remaining hydroxy groups were protected with benzyl chloride and the 
ester group  was hydrolyzed in refluxing methanol and KOH, yielding 127.  Acid 127 was then 
converted to the acid chloride with oxalyl chloride in toluene.
 Polymer 21 was functionalized using 20 equivalents of 127 in a DMF solutions and 
DMAP as a catalyst.  Under these conditions, 12 TEG functionalized gallate groups were 
attached to each polymer based on 1H NMR and assuming an Mn of 6000 g/mol for 21.  Attempts 
to use CuI and click chemistry to attach 25 to 128 yielded a polymer with an absorption spectra 
similar but less intense than that expected for a fluorescein functionalized polymer despite 
evidence of fluorescein in the 1H NMR spectra.  Instead fluorescein was attached using 1 
equivalent of fluorescein activated ester, 129, and NaH in DMF to produce polymer 130.  The 
gallate groups on 130 were then deprotected using Pd/C and H2 to yield the gallate fluorescein 
conjugate 131.
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Scheme 3.13. Synthesis of benzyl protected TEG gallate linked to fluorescein functionalized HPG via ester bonds.
 Figure 3.12 shows the 1H NMR spectra of 127.  The attachment of the protected gallate 
groups in compound 130 was confirmed by the broad spectra in the aromatic region and the 
broad peak at 5.2 ppm which corresponds to the methylene protons of the benzyl protecting 
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groups.  The broad aromatic region from 7.6 to 7.3 of 130 was used to determine the number of 
TEG-gallates groups attached to the polymer.  After deprotection, this region is converted to a 
single peak in 131 corresponding to the protons ortho to the ester group  in the gallate molecule. 
Deprotection of 131 was also confirmed by the loss of the signal benzyl methylene at 5.2 ppm. 
The fluorescein groups are nearly undetectable by 1H NMR and are instead characterized by  UV-
Vis absorption by comparing the gallate peak at 260 nm and the fluorescein peak at 500 nm 
(Figure 3.13a).  For comparison, the small molecule 112 is shown as well as another HPG 
polymer, 132, that  contains only  fluorescein groups and no gallate groups.  Analysis of the UV-
Vis spectra and comparison to the 1H NMR spectra indicate that there are as few as 1 fluorescein 
molecules per 4 polymers in the solution.  This low number of fluorescein groups is well suited 
for studying the influence of the stabilizing groups on the photobleaching rate by  minimizing the 
influence of dye-dye interactions on the photobleaching process.  For practical applications it 
may  be better to put multiple dye molecules on each polymer to generate particles with greater 
overall brightness.
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Figure 3.12. 1H NMR spectra (500 MHz, top two CDCl3, bottom CD3OD) of gallate containing compounds.  Top, 
126 in CDCl3,  key features are labeled with arrows.  Middle, 130 in CDCl3.  The peaks are in the same region but 
broadened.  The large broad peak between 3.4 and 4.0 ppm is a combination of the HPG backbone and TEG. 
Bottom, 131 in CD3OD.  The benzyl groups have been cleaved.  The remaining aromatic peak of the gallate group is 
still observed at 7.1 ppm.  The fluorescein groups are observed just above the baseline.  HDO and solvent peaks at 
4.87 ppm and 3.31 ppm are cropped for clarity.
 To confirm that the fluorescein and the gallate groups are attached to the polymer, an 
SEC trace was obtained for 131 using an RI and UV-Vis detector (see Figure 3.13b and c).  The 
UV-Vis detector is set to 488 nm on the curve on the left and should only  detect absorbance from 
the fluorescein on the polymer or in solution.  For the curve on the right, the UV-Vis detector is 
set to 260 nm and both fluorescein and the gallate groups should be detected.  In both cases the 
RI and UV-Vis signals co-elute and the two UV-Vis signals differ in their amplitude as expected 
from the UV-Vis of the polymer.  However, there is some amount of tailing in the 260 nm UV-
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Vis signal indicating that  a small amount of the gallate groups may have been cleaved from the 
polymer.
Figure 3.13.  a) Comparison of UV-Vis curves for small molecule 112, and polymer conjugates 131 and 132.   The 
concentration for compounds 112,  131, and 132 is 35 µM, 3.44 µM, and 2.0 µM respectively.  132 is an HPG 
polymer which is conjugated to fluorescein only.  Aqueous SEC trace of 131 using RI and UV detectors.   UV 
detector is set at 488 nm on left b), and 260 nm on right c).
 Because of the low concentration of gallate groups and the use of the HPG polymer 
scaffold, compound 131 was expected to by non-toxic and biocompatible.  A preliminary test of 
the biocompatibility of 131 was performed using an MTT based cell viability assay on fibroblast 
3T3 cells and MSC D1 cells.  The data is shown in Figure 3.14.  The compound showed little to 
no toxicity at concentrations as high as 0.043 mg/mL, or 4.3 µM after 1 day of incubation.
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Figure 3.14.   Cell viability in the presence of 131.  Tests were performed on two cell lines and the results are 
normalized to a control which was incubated in the absence of 131.  See experimental section for conditions.
3.6.6 Quantum yield and photobleaching studies of AFA and fluorescein functionalized 
HPG.
 Based on observations of other AFA’s229 and based on Figure 3.10 it  is expected that the 
presence of the TEG-gallate groups on compound 131 would reduce the fluorescence of the 
fluorescein groups through intramolecular quenching.  A Φfl of 0.25 was determined for 131 
which confirmed this expectation.  Though well below that  of fluorescein, this is still higher than 
the cyanine dyes such as Cy3, Φfl = 0.14, and Cy5, Φfl = 0.18 which are commonly  used as 
molecular probes and fluorescent labels.230,231  Recently, Schroeder et al. showed that attachment 
of multiple fluorophores to a dendrimer core can lead to increases in the dye’s overall brightness. 
A similar strategy could also be used for the dye HPG conjugate system demonstrated here if the 
initial brightness of the dye is too low.232
 The photostability of 131 was studied using a focused 1.3 mW ArIon laser set at 488 nm. 
This stronger irradiation intensity was used to better simulate conditions used in confocal 
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fluorescence spectroscopy where dye lifetime is especially important and bleaching can occur 
from higher excited states.233  The photostability of 131 and fluorescein is shown in Figure 3.15a 
plotting the relative intensity  of the two dyes over time.  In this example, 131 is 32 times more 
stable than fluorescein with a half life of 710 s compared to only 24 s for fluorescein.  This added 
stability  is achieved at the cost of overall brightness due to the reduced quantum yield as 
described above, and this is evident in Figure 3.15b, which shows the absolute fluorescence 
recorded for the same samples.  This reduced initial fluorescence can be offset by  extended 
exposure and fluorescence integrations or by increasing the excitation intensity.160  When the 
integrated fluorescence was compared a 1.7 fold greater fluorescence for 131 was observed over 
the 500 s period, at which point the fluorescein had completely  bleached while 131 still retained 
60% of its initial fluorescence.  It should also be mentioned that  the concentration of TEG-gallate 
in the solution was 42 µM which is well below that typically used for additives.  For fluorescein, 
a 2 fold reduction of photobleaching rate was observed when added to solutions containing 100 
µM nPG making it unlikely  that the reduced photobleaching was a result of the presence of the 
TEG-gallate groups in solution.234  As a control, fluorescein and fluorescein HPG conjugate 26 
was studied and the results are shown in Figure 3.15c.  Under these conditions in the absence of 
AFAs the fluorescein HPG conjugate 26 and fluorescein photobleached at nearly identical rates.
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Figure 3.15. Photobleaching of fluorescein and fluorescein attached to HPG in air saturated solutions of 0.1 M pH 
8.1 sodium phosphate buffer.  Bleaching was performed using a focused 1.3 mW ArIon laser at 488 nm.  Each curve 
represents an average of three different trials.  Absolute a) and relative b) fluorescence of solutions containing 1.4 
µM fluorescein and 1.4 µM equivalents of fluorescein attached to 131.  c) Comparison of relative fluorescence of a 
1.0 µM flourescein solution and 1.0 µM equivalents of fluorescein attached to HPG, 26.  See experimental section 
for conditions.
 Looking back at Figure 3.11 the 32 fold improvement of dye photostability  for the 
covalently bound fluorescein AFA system provides a 4-fold improvement over the same AFA 
added as a 2 mM solution.  Thus given the same AFA, covalent attachment can yield 
improvements to the dye stability.  However, 131 still underperforms the addition of 2 mM  of the 
AFA, methyl gallate.  It  is clear that the molecular structure of the AFA is more important than 
the covalent linkage.  Thus, the largest  limitation to this method is the limited selection of AFAs 
and the synthetic challenges associated with the synthesis of a water soluble polymers containing 
both AFA and dye.  With this in mind it seems plausible that with the appropriate AFA polymer 
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conjugate, improvements in photostability  could be achieved that match or exceed those using 
AFAs alone.
3.7 FUTURE DIRECTIONS FOR ANTIFADING AGENTS ON POLYMER SUPPORTS
 There are a large number of known AFA such as those shown in Table 3.4.  This list is not 
limiting, and derivatives of these compounds could also be conceived as possible AFA 
candidates.  The major limitations that  need to be overcome are polymer solubility  and polymer 
cross-linking following the attachment of these AFAs to the polymer support.
3.7.1 Trolox as an antifading agent
 Of the several AFAs available one of the most promising is the antioxidant TR.235,236  In 
solution, TR acts as both an oxidizing agent and a reducing agent, as it is partially converted to 
the oxidized quinone form, TQ, from O2 dependent oxidation.  The mechanism of TR is similarly 
to the two component ROXS system.213  TQ can oxidize a dye when it is in the excited triplet 
state to generate R•+ which is quickly reduced by  TR to regenerate Fls0 (see Scheme 3.14).235,237 
These radical states R•+ and R•- are also known to induce dye blinking commonly  observed in 
single molecule fluorescence experiments and may result in an increase in dye brightness.238,239 
In addition, TR and TQ are less prone to oxidative coupling, and should be more stable then 
gallate when conjugated to HPG.
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Scheme 3.14. Structure of TR and TQ and the redox cycle proposed by Tinnefeld235,236 to explain the stabilizing 
effects of TR in solution.
 
3.7.2 Approaches to attaching trolox to HPG to yield water soluble polymer
 The major limitation of using TR as an AFA covalently attached to HPG is its low 
solubility.  This is particularly problematic when the carboxylic acid group of TR is used to 
conjugate to the polymer.  Attempts to attach TR directly to HPG via an acid chloride resulted in 
ester cleavage during dialysis purification, presumably because of the presence of the phenol 
ether α to the acid.240,241  However, another route employing a more stable amide linkage was 
successful using the activated ester 134 and amine functionalized HPG 135 as shown in Scheme 
3.15. The polymer obtained, 136, contained 10 TR groups based on 1H NMR and was soluble in 
DMSO but was insoluble in aqueous solutions.  Thus a TR derivative that is water soluble and 
easily attached to HPG is needed.
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Scheme 3.15. Synthesis of amide linked TR HPG conjugate.
 One possible approach is outlined in Scheme 3.16 and uses a simple cysteine linker to 
attach TR to HPG.  Cystine can react with 134 to form the TR dimer 137.  Cleavage of the 
disulfide bond then frees the thiol to form 138.  Acrylation of HPG with acrylchloride is 
commonly used in our group to synthesize poly  acrylated HPG 139.  These polymers can be used 
to attach peptides to HPG through conjugate addition of a thiol group to the acrylate groups on 
139.140  In this case, the thiol in 138 can be used to attach TR to polymer 139 while the free acid 
on the cysteine molecule would then provide the necessary water solubility for the polymer 
product, 140.  Fluorescein or other fluorescent dyes could also be added to the polymer using a 
thiol functionalized dye molecule.  If there is concern with the polyanionic nature of 140 a PEG 
group could replace the acid in 138 as shown previously with the gallate derivative.
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Scheme 3.16.  Proposed synthesis of TR conjugated to HPG via reaction of cysteine thiol and acrylate group.
3.8 SUMMARY AND CONCLUSIONS
 In this chapter HPG was used as a steric barrier for the site isolation of fluorescein and 
PDI.  Stern Volmer plots showed that the polymer was effective at reducing the fluorescein’s 
exposure to the local environment, however no difference in KQ(effective) was observed between the 
cross-linked polymer and the uncross-linked polymer.  The same results were obtained for the 
photostability.  The cross-linking process also reduced the quantum yield of fluorescein 
presumably because of metal contamination resulting in singlet quenching of the dye.  HPG was 
also attached to the bay positions of the water insoluble PDI.  The Φfl of the cross-linked dye was 
less influenced by  the solvent  than the uncross-linked dye, however, both dyes showed the same 
Φfl in water of 0.14-0.16.  This value was still 4 times greater than that determined for a similarly 
structured PEG analogue that was almost non-fluorescent in water (Φfl = 0.04).
 Polyglycerol dendrimers were attached to the cyanine dye Cy5 in an attempt to provide 
steric protection from attack of singlet  O2 on the dye’s polymethine backbone.  Attachment of the 
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dendrimers increased the Φfl of the dyes with increasing dendrimer generation similar to that 
observed for Cy5 dyes conjugated to proteins.  However, no increase in photostability was 
observed.
 Instead of using HPG to sterically  protect the dye, an alternative approach using HPG as 
a polyvalent scaffold to covalently  link fluorescein and AFAs was attempted.  Several routes to a 
gallate conjugated HPG were attempted, but these polymers could not be isolated, or were 
isolated with the gallate groups cleaved.  Because this was attributed to the instability of the 
gallate molecule and the formation of the orthoquinone, a gallate molecule which was alkylated 
at the para position was prepared.  This molecule was less effective than methyl gallate at 
stabilizing fluorescein when it was it was used as an additive and also quenched the dye’s 
fluorescence.  When attached to the polymer, the para-substituted gallate had a similar 
photostability and quenching profile to that observed in solution.  Future work in this area should 
focus on finding an effective AFA which is non-quenching, and also chemically stable.
3.9 EXPERIMENTAL 
3.9.1 General Methods, Materials, and Instrumentation
See section 1.6.
All lasers used to perform photobleaching studies were obtained and performed in the MRL laser 
and photospectroscopy lab.
3.9.2 Synthesis and Compound Characterization
1-(1,3-Diazido-2-(azidomethyl)propan-2-yl)-3-(3',6'-dihydroxy-3-oxo-3H-spiro
[isobenzofuran-1,9'-xanthen]-5-yl)thiourea (87). To 100 mg (0.231 mmol, 1 equiv) of FITC in 
1 mL of dry DMF was added 125 mg (0.64 mmol, 2.8 equiv) of 86 and 1 mL of DMF.  The 
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reaction was monitored by TLC (1:1 ethyl acetate:hexanes 1% acetic acid Rf = 0.15) and when 
no further reaction was observed, 5 mL of methanol was added and the solution was dry loaded 
onto silica and eluted using a gradient (40% ethyl acetate in hexanes to 40% ethyl acetate 2.5% 
acetic acid in hexanes).  The combined fractions afforded 93 mg (69%) of 87 an orange solid.  1H 
NMR (500 MHz, CD3OD) δ 8.14 (dd, J = 2Hz, 0.5 Hz, 1H), 7.75 (dd, J = 8.5 Hz, 2 Hz, 1H), 
7.55 (dd, J = 8 Hz, 0.5 Hz, 1H), 6.682 (m, 4H), 6.54 (dd, J = 8.5 Hz, 2.5 Hz, 2H), 4.05 (s, 6H). 
MS (HRES ESI) m/z 586.1348 (M+), theoretical 586.1370.
Fluorescein-thiourea-tri-triazole-Allyl HPG (88). A solution of 88 mg (0.44 mmol, 20 equiv) 
of sodium ascorbate and 55 mg (0.22 mmol, 10 equiv) of CuSO4 was dissolved in 2 mL of water. 
This solution was added to 2 mL of a 1:1 methanol:CH2Cl2 solution containing 13 mg (0.022 
mmol, 1 equiv) of 87 and 181 mg (0.089 mmol, 4 equiv) of 62 (Mn(nmr) = 2000, Mn(sec) = 3850, 
Mw/Mn = 1.69).   The biphasic solution was sealed and stirred vigorously for 14 h.  The solution 
was filtered and dried under vacuum.  The residue was taken up in toluene and dried under 
vacuum to reveal a pasty  red residue.  The residue was dissolved in a minimum of ethyl acetate 
and passed through a plug of silica using ethyl acetate as eluting solvent.  This solution was 
treated with MgSO4 and filtered.  The filtrate was dried under vacuum to reveal a red viscous oil. 
The oily residue was taken up in a minimum of toluene and passed through a preparative SEC 
column collecting the product as a dark red band.  The product was dried under vacuum to reveal 
142 mg of crude product as a red oil.  The crude product was 80% polymer and 20% toluene by 
mass based on 1H NMR totaling 116 mg (80%) of 88. (Thorough drying of the product leads to 
polymer cross-linking.  The material is not suitable for long term storage) 1H NMR (500 MHz, 
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CD3OD) δ 5.8-6 (b, 1H), 5.1-5.3 (b, 3 peaks, 2H), 3.9-4.1 (b, 2 peaks, 2H), 3.4 – 3.8 (b, 2 peaks, 
5H). SEC (DMF) Mn = 12,100 g/mol, Mw/Mn = 1.39.
Osmium catalyzed oxidation of uncross-linked allyl HPG (89). To 25 mg (0.22 mmol allyl 
groups, 1 equiv) of 88  in 1 mL of acetone was added 105 µL 50% (w/w) (0.44 mmol, 2 equiv) of 
NMO in H2O followed by 2 mg (0.0054 mmol, 0.025 equiv) of K2OsO4•2H2O.  The solution was 
sealed and stirred for 30 minutes and a precipitate formed.  The solution was diluted with 2 mL 
of water to produce a transparent solution and stirred for 1 h.  The solution was diluted with 4 
mL of water to maintain a homogeneous mixture.  The solution was to stirred 24 h, and 20 mg of 
Smopex type 105 metal scavenger resin was added.  This mixture was stirred 24 h and filtered. 
The filtered solution was dialyzed against  water (MWCO = 1,400 Daltons) and dried to reveal 
21.5 mg (65%) of 89 as a red oil. 1H NMR (500 MHz, D2O) δ 3.4-3.9 (b).  MS (LRES-MALDI) 
m/z = 6900 at peak.
Metathesis cross-linking of fluorescein tri-allyl-HPG (90).  To 50 mg (0.439 mmol allyl, 1 
equiv) of 88 dissolved in 250 mL of CH2Cl2 was added 5.5 mg (0.0088 mmol, 0.02 equiv) of 
Hoveyda-Grubbs catalyst.  The mixture was stirred and heated to reflux.  The reaction was 
monitored by  removal of aliquots for 1H NMR analysis.  After 4 hours an additional 5 mg (0.008 
mmol, 0.018 equiv) of Hoveyda-Grubbs catalyst was added.  After 50 h 5 mL of ethyl vinyl ether 
was added followed by 100 mg of Ph3P.  The mixture was stirred 12 h.  To the reaction was 
added 10 mL of toluene to prevent complete solvent removal during evaporation.  The mixture 
was dried under vacuum to approximately 3 mL and was passed through a preparative toluene 
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SEC column collecting the fastest moving red band.  Solvent removal yielded 68 mg of a red oil 
that was 46 mg (100%) product 90 and 22 mg toluene based on 1H NMR.  (Thorough drying of 
the product leads to polymer cross-linking.  The material is not suitable for long term storage) 1H 
NMR (500 MHz, CDCl3) δ 5.6-6 (b, 1H), 5.1-5.3 (b, 2 peaks, 0.2H), 3.8-4.4 (b, 2 peaks, 2H), 
3.1-3.8 (b, 5H). SEC (DMF) Mn = 6,800 g/mol, Mw/Mn = 1.85.
Osmium catalyzed oxidation of cross-linked allyl HPG (91).  To a vial containing 1 of mL 
acetone was added 22 µL of a 9.3 mg/mL solution (20 mg, 0.1 mmol allyl, 1 equiv) of 90 
followed by 100 µL of a 50% by mass solution (48 mg, 0.2 mmol, 2.5 equiv) of NMO.  To this 
was added 1 mg (0.0027 mmol, 0.027 equiv) of K2OsO4•2H2O.  The vial was covered in 
aluminum and stirred at room temperature.  To the solution was added 1 mL of H2O every 2-4 h 
for 12 h to maintain homogeneity.  The solution was stirred 12 hours.  The solution was filtered, 
diluted with 10 mL H2O, and washed with three 5 mL portions of CH2Cl2.  The aqueous layer 
was reduced in volume and dialyzed against H2O.  The dialyzed product was dried under vacuum 
to reveal 11 mg (48%) of 91 as a thin film. 1H NMR (500 MHz, D2O) δ 3-4 (b). SEC (DMF) Mn 
= 15400 g/mol, Mw/Mn = 1.51.
Fluorescein-thiourea-tri-PEG(Mn 2000) HPG (92).  To a 10 mL scintillation vial was added 
205 mg (0.10 mmol, 3.1 equiv) of propargyl PEG monomethyl ether, 1 mL of DMF, and 20 mg 
(0.034 mmol, 1 equiv) of 87.  The mixture was stirred till it was homogeneous and 6.5 mg (0.034 
mmol, 1 equiv) of CuI, and 48 µL (0.272 mmol, 8 equiv) of DIPEA were added.  The reaction 
was monitored by  SEC and stirred for 36 hours.  The reaction was diluted with water and 
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dialyzed (MWCO = 2000) against water.  Solvent removal afforded 132 mg (60%) of 92 as an 
orange flaky solid. SEC (DMF) Mn = 13,800 g/mol, Mw/Mn = 1.14.
Perylene diimide tetra-tosylate (98).  A round bottom flask containing 315 mg (0.251 mmol, 1 
equiv) of 97 and 1.0 g (3.02 mmol, 20 equiv) of 4-toluenesulfonyl chloride was cooled to 0 °C 
on an ice bath.  The solids were dissolved by  slowly adding a 50 mL solution of CH2Cl2 
containing 350 µL (2.5 mmol, 10 equiv) of triethylamine.  The reaction mixture was taken out of 
the ice bath and warmed to room temperature.  The reaction was monitored by TLC, (10% 
acetone in CH2Cl2) for 36 h and 300 mg (1.58 mmol, 6.3 equiv) of 4-Toluenesulfonyl chloride 
and 150 µL (1.1 mmol, 4.3 equiv) of triethylamine was added.  The solution was stirred 
overnight.  TLC analysis yielded a single spot (CH2Cl2, Rf = 0.17).  The solution was reduced in 
volume by rotary evaporation, and an equal volume of ethyl acetate was added.  The solution 
was filtered and the eluent was dried under vacuum.  The residue obtained was purified on a 
silica column (CH2Cl2 to 10% acetone in CH2Cl2).  Drying under vacuum produced 458 mg 
(97%) of 98 as a red flaky solid. 1H NMR (500 MHz, CDCl3) δ 8.22 (s, J = 4H), 7.76 (dd, J = 6.5 
Hz, 2 Hz, 8H), 7.44 (t, J = 7.7 Hz, 2H), 7.28 (d, J = 8.5 Hz), 7.28 (d, J = 7.5 Hz, 4H), 7.07 (d, J = 
8.5 Hz, 8H), 6.87 (m, 8H), 4.18 (t, J = 7Hz, 8H), 2.94 (t, J = 7 Hz, 8H), 2.69 (sep, J = 7 Hz, 4H), 
2.39 (s, 12H), 1.12 (d, J = 7 Hz, 24H). 13C NMR (500 MHz, CDCl3) δ 163.2, 155.9, 154.2, 
145.7, 145.0, 133.3, 133.0, 132.8, 130.7, 130.1, 129.6, 128.0, 124.0, 123.0, 120.8, 120.5, 120.3, 
120.1, 70.5, 34.7, 29.2, 24.1, 21.7. MS (HRES ESI) m/z 1871.5732 (M  + H+), theoretical 
1871.5674.
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Perylene diimide tetra-azide (99).  To 1 mL of dry DMF was added 63 mg (0.0267 mmol, 1 
equiv) of 98 and 50 mg (0.534 mmol, 16 equiv) of NaN3.  The heterogeneous mixture was stirred 
at room temperature for 16 h while monitored by  TLC (solvent CH2Cl2, Rf = 0.75).  The reaction 
mixture was transferred to a separatory funnel using 15 mL of toluene and the solution was 
washed four times with 10 mL portions of H2O.  The organic layer was dried over MgSO4, 
filtered and concentrated.  The concentrated product was purified on silica gel (CH2Cl2 to 5% 
acetone in CH2Cl2) to afford 42 mg (93%) of 99 as a reddish brown solid. 1H NMR (500 MHz, 
CDCl3) δ 8.25 (s, 4H), 7.434 (t, J = 8 Hz, 2H), 7.28 (d, J = 7.5 Hz, 4H), 7.14 (dt, J = 9 Hz, 2.5 
Hz, 8H), 6.93 (dt, J = 9 Hz, 2.5 Hz, 8H), 3.47 (t, J = 7 Hz, 8H), 2.85 (t, J = 7.5 Hz, 8H), 2.69 
(sep, J = 7 Hz, 4H), 1.12 (d, J = 6.5 Hz, 24H). 13C NMR (500 MHz, CDCl3) δ 163.5, 156.2, 
154.4, 145.9, 134.8, 133.5, 130.9, 130.7, 129.8, 124.3, 123.3, 121.1, 120.7, 120.6, 120.4, 52.7, 
35.0, 29.4, 24.4.  MS (HRES ESI) m/z 1355.5570 (M + H+), theoretical 1355.5579.
Tetrasubstituted perylene diimide HPG-OH conjugate (100).  To a screw cap vial containing 
1 mL of DMF was added 560 mg, (0.18 mmol, 5 equiv) of 21 (Mn = 3000 based on 1H NMR) 
and 50 mg (0.147 mmol N3, 4 equiv) of 99.  An additional 1 mL DMF was used to transfer 99 
into the reaction vessel.  To the solution was added 17 mg (0.089 mmol, 0.61 equiv) of CuI.  The 
solution was stirred 1 h and 0.1 mL DIPEA was added.  The solution immediately turned black. 
The reaction was monitored by SEC for 10 h and the solution was reduced in volume and the 
oily  residue was dissolved in water.  The product was purified by preparatory SEC, (MWCO = 
6000), and dialyzed (MWCO = 1,400) against water.  The dialyzed product was reduced in 
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volume to reveal 180 mg (35%) of 100 as a red oil. 1H NMR (500 MHz, D2O) δ 3.2-4 (b, 910H), 
1.03 (b, 24H). SEC (DMF) Mn = 22,600 g/mol, Mw/Mn = 1.14.
Propargyl PEG monomethyl ether (101).  To 2.5 g (Mn = 2000 g/mol, 1.25 mmol, 1 equiv) of 
PEG monomethyl ether dissolved in 50 mL of THF was added 200 mg (5 mmol, 4 equiv) of 
NaH.  The solution was stirred under nitrogen until bubbling ceased.  The solution was cooled on 
an ice bath and 1.5 g (12.5 mmol, 1.5 equiv) of propargyl bromide was slowly added.  The 
reaction was cooled to room temperature and stirred 30 h.  The solution was gravity  filtered 
using CH2Cl2 to wash product through the filter paper.  The filtrates were treated with 25 mL of 
H2O and the aqueous solution was extracted three times with 25 mL portions of CH2Cl2.  The 
organic layer was concentrated to roughly 10 mL under vacuum, precipitated with 150 mL ether 
and stored overnight at -20 °C.  The yellowish solid was isolated by  vacuum filtration and the 
solid was dissolved in CH2Cl2 and precipitated with ether.  The yellow precipitate was filtered 
and dried to produce 2.9 g (100%) of 101 as an off white powder. 1H NMR (500 MHz, CDCl3) δ 
4.21 (d, J = 2 Hz, 2H), 3.75-3.65 (bm, 239H), 3.39 (s, 3H), 2.45 (t, J = 2 Hz, 1H). ). SEC (DMF) 
Mn = 4870 g/mol, Mw/Mn = 1.06. MS (MALDI) m/z 2163.43, (M + H+), theoretical 2163.55, 
peak separation 44.1 g/mol.
Tetrasubstituted perylene diimide PEG conjugate (102).  In a 10 mL scintillation vial was 
added 90 mg (0.045 mmol, 4.1 equiv) of propargyl PEG monomethyl ether, 0.5 mL of DMF, and 
15 mg (0.011 mmol, 1 equiv) of 99.  The mixture was stirred till it was homogeneous and 2.0 mg 
(0.011 mmol, 1 equiv) of CuI, and 100 µL (0.57 mmol, 51 equiv) of DIPEA was added.  The 
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reaction was monitored by SEC for 48 hours.  The reaction was diluted with water and dialyzed 
(MWCO = 2000) against H2O.  Solvent removal yielded 82 mg (78%) of 102 as a dark red fluffy 
solid. 1H NMR (500 MHz, CDCl3) δ 8.15 (b, 4H), 7.39 (b, 4H), 7.24 (b, 2H), 6.86-7.04 (b, 14H), 
4.97 (b, 6H), 3.4-3.8 (716 H), 2.64 (b, 6H), 1.08 (bs, 24H). SEC (DMF) Mn = 19,800 g/mol, Mw/
Mn = 1.25
Tetrasubstituted perylene diimide HPG-allyl conjugate (103).  To a screw cap vial containing 
0.5 mL DMF was added 625 mg (0.13 mmol, 6 equiv) of 62 (Mn = 4700 by  1H NMR) and 30 mg 
(0.088 mmol N3, 4 Equiv) of 99.  Complete addition of 99 was conducted using 0.5 mL of DMF. 
To the solution was added 14 mg (0.074 mmol, 0.84 equiv) of CuI.  The solution was stirred 1 h 
and 0.1 mL DIPEA was added.  The solution immediately turned black.  The reaction was 
monitored by IR by  following the disappearance of the azide peak at 2100 cm-1.  The reaction 
was stirred for 18 h and 10 mg (0.052 mmol, 0.6 equiv) of CuI was added.  The mixture was 
heated to 50 °C for 8 h.  The mixture was filtered and washed with 20 mL of 1N HCl and washed 
with four times with 20 mL portions of H2O.  The organic layer was dried with MgSO4 and 
passed through a silica plug (ethyl acetate).  The product was concentrated and purified on a 
toluene SEC column.  Solvent removal afforded 150 mg (95%) of 103 as a red oil.  The product 
was not pumped completely  dry to avoid intermolecular cross-linking.  Mass based on 1H NMR 
integrations of product peak and toluene solvent peak. 1H NMR (500 MHz, CDCl3) δ 5.9-6 (b, 
120H), 5.10-5.25 (b, 3 peaks, 240H), 3.9-4.2, (b, 2 peaks, 240H), 3.4-3.8 (b, 2 peaks, 600H), 1.1 
(bs, 24H). SEC (DMF) Mn = 11,400 g/mol, Mw/Mn = 1.20.
141
Cross-linking of PG-Allyl HPG-tetrasubstituted perylene diimide (104).  To 500 mL of 
CH2Cl2 was added 50 mg (0.438 mmol allyl, 1 equiv) of 103 and 4.5 mg (0.0053 mmol, 0.12 
equiv) of Grubbs second generation catalyst.  The solution was refluxed under N2 and monitored 
by 1H NMR for 18 h when the polymer was approximately 60-70% cross-linked.  The solution 
was treated with 66 mg of Smopex # 105 MTD metal scavenger resin and 3 mL of ethyl vinyl 
ether and refluxed for 2 h.  The solution was filtered and reduced in volume and purified on a 
toluene SEC column (MWCO = 6000).  The red fraction was collected off the column, stirred 
with 25 mg Smopex #105 scavenger resin and passed through a toluene SEC column.  The 
product was reduced in volume, to reveal 85 mg of a crude product which was 53% 104 by mass 
based on 1H NMR, 45 mg (100%), remaining mass is toluene. Product not dried to avoid cross-
linking.  1H NMR (500 MHz, CDCl3) δ 5.6-6 (b, 1H), 5.1-5.3 (b, 3 peaks, 0.6H), 3.9-4.3, (b, 2 
peaks, 2H), 3.2-3.8 (b, 5H). SEC (DMF) Mn = 8500 g/mol, Mw/Mn = 1.32.
Oxidation of cross-linked PG-Allyl perylene diimide (105).  To a 2 mL solution of acetone 
containing 45 mg (0.281 mmol alkene, 1 equiv) of 104 was added 66 mg of citric acid, 1 mg 
(0.0027 mmol, 0.01 equiv) of K2OsO4•2H2O, and 530 mL of a 50% (w/w) solution (2.25 mmol, 
8 equiv) of NMO.  The acetone solution was slowly diluted with water over 12 hours to maintain 
homogeneity.  The solution was treated with 38 mg Smopex-105 metal scavenger resin for 2 h 
and filtered twice. The filtrates were dialyzed against pure water.  Solvent removal afforded 49 
mg (75%) of 105 as a dark red oil. 1H NMR (500 MHz, D2O) δ 3.2-3.9 (b, 1244H), 1.06 (b, 
24H). SEC (DMF) Mn = 10,600 g/mol, Mw/Mn = 1.58.
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1,5-Bis((2,2-Dimethyl-1,3-dioxolan-4-yl)methoxy)pentan-3-amine (109).  To a 5.5 mL 
solution of 10:1 THF:water was added 500 mg (1.448 mmol, 1 equiv) of (4,4'-(((3-
azidopentane-1,5-diyl)bis(oxy))bis(methylene))bis(2,2-dimethyl-1,3-dioxolane) and 418 mg 
(1.592 mmol, 1.1 equiv) of triphenyl phosphine.  The solution was stirred under argon for 48 
hours.  The solution was extracted with CH2Cl2 and the combined organic fractions were dried 
with Na2SO4, filtered, and reduced in volume to reveal 466 mg of crude product.  The product 
was purified by  reverse phase column chromatography using a methanol and water gradient.  The 
product fraction was dried to obtain 149 mg (32%) of 109 as a clear oil.  1H NMR (400 MHz, 
D2O) δ 4.27 (m, 2H), 4.05 (m, 2H), 3.73 (m, 2H), 3.3-3.6 (8H), 3.2 (b, 1H), 1.42 (s, 3H), 1.35 (s, 
3H). (HRES ESI) m/z = 320.2060 (M + H+), theoretical 320.2073.
G1 indodicarbocyanine dye (107a).  To 50 mg (0.068 mmol, 1 equiv) of ICG dye 106 and 65.4 
mg (0.204 mmol, 3 equiv) of TBTU dissolved in 1.5 mL DMF was added 69.1 µL of DIPEA. 
The solution was stirred under argon for 45 min and 60.7 mg (0.19 mmol, 2.8 equiv) of 109 and 
38.45 µL of DIPEA was added.  The solution was stirred under argon for 24 h and the product 
was precipitated with ether, collected by centrifugation, and dried.  The crude product  was 
dissolved in 1.5 mL of methanol with 55.9 µL of concentrated HCl.  The solution was stirred 
under argon.  The crude product was dried under vacuum and purified by reverse phase column 
chromatography  (water:methanol gradient).  Solvent removal afforded 40 mg (50%) of 107a as a 
blue flaky solid. 1H NMR (500 MHz, CD3OD) δ 8.36 (t, J = 13 Hz, wH), 8.15 (s, wH), 7.94 (d, J 
= ? Hz, wH), 7.445 (d, J = 8.5 Hz, 2H), 6.76 (t, J = 12.5 Hz, 1H), 6.44 (d, J = 14 Hz, 2H), 4.47 
(t, J = 5.5 Hz, 2H), 4.2 (t J = 6.5 Hz, 4), 3.4-3.6 (multiple peaks, 24H) 2.91 (t, J = 6.5 Hz, 4H) 
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1.65-2.1 (multiple peaks, 22 H), 1.75 (dd, J = 6.5, 4.5 Hz, 6H).  (HRES ESI) m/z = 1201.4532 
(M + Na+), theoretical 1201.4532.
G3 indodicarbocyanine dye (107b).  A 1 mL solution of DMF containing 29 mg (0.22 mmol, 
11 equiv) of DIPEA, 15 mg (0.020 mmol, 1 equiv) of 106, and 26.2 mg (0.069 mmol, 3.4 equiv) 
of HBTU was stirred 45 min at room temperature. To the solution was added 144 µL of DMF 
containing 57 mg (0.051 mmol, 2.5 equiv) of 108a.  The reaction was monitored by  reverse 
phase TLC (45:55 MeOH:H2O) for 14 h.  Ether was added and the clear organic layer was 
decanted.  The blue oily residue remaining was dried and purified by reverse phase silica 
chromatography  (methanol water gradient).  The product fraction was pumped dry  to reveal 16 
mg (28%) of 107b as a dark blue film. 1H NMR (500 MHz, CD3OD) δ  8.33 (bt, 2H), 8.00 (b, 
4H), 7.49 (bd, 2H), 6.75 (bt, 1H), 6.48 (bd, 2H), 4.6(bs, 1H), 4.4 (bs, 2H), 4.19 (bs, 4H), 3.4-3.9 
(b, multiple peaks, 156H), 2.90 (bt, 4H), 1.98 (b, 8H), 1.79 (s, 12H). MS (MALDI) m/z = 
2978.08 (M + Na+), Theoretical MW = 2978.33. SEC (DMF) Mn = 10,000 g/mol, Mw/Mn = 1.06.
G4 indodicarbocyanine dye (107c).  To a 200 µL DMF solution containing 13 mg (0.1mmol, 14 
equiv) of DIPEA was add 5.2 mg (0.0068 mmol, 1 equiv) of 106 and 8.4 mg (0.0221 mmol, 3.4 
equiv) of HBTU.  The solution was diluted with 400 µL of DMF and stirred for 30 min. To the 
solution was added 40 mg (0.017 mmol, 2.5 equiv) of 108b dissolved in 200 µL DMF.   The 
reaction was monitored by  reverse phase TLC (6:4 water:methanol).  The reaction was stirred 
under argon for 18 h and diluted with 10 mL of ether.  The solution was stirred vigorously for 4 
h.  The ether was decanted off and the blue film left behind was resuspended in 2 mL of 
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methanol and precipitated in 10 mL of ether.  The blue film was dissolved in water, washed 
through celite and purified by  reverse phase silica column (water methanol gradient).  The 
product fraction was pumped dry to reveal 13.2 mg (33%) of 107c as a dark blue film. 1H NMR 
(500 MHz, CD3OD) δ  8.34 (bt, 2H), 8.04 (b, 4H), 7.50 (bs, 2H), 6.76 (bt, 1H), 6.44 (bd, 2H), 4.4 
(bs, 1H), 4.21 (bs, 2H), 3.4-3.9 (b, multiple peaks, 280H), 2.92 (bs, 4H), 1.97 (b, 8H), 1.81 (s, 
12H). MS (MALDI) m/z = 5357.75 (M + H+), Theoretical MW = 5356.78. SEC (DMF) Mn = 
12,500 g/mol, Mw/Mn = 1.1.
Third generation amine PG dendron (108a). To 1 g (0.679 mmol, 1 equiv) of G3 azide PG 
dendron dissolved in 20 mL of a 2:1 methanol:water solution was added 100 µL of TFA.  The 
solution was heated to 50 °C for 48 h.  The solution was dried under vacuum.  The crude product 
was dissolved in 10 mL methanol and dried four times to remove traces of TFA to obtain 700 mg 
of a clear residue.  The residue was dissolved in 20 mL of methanol and 100 mg of 10% Pd on 
carbon was added.  The reaction flask was evacuated and backfilled with hydrogen using a 
needle and hydrogen filled balloon.  The reaction was followed by IR observing the loss of the 
azide peak at 2100 cm-1 and the solution was stirred for 24 h.  The solution was gravity  filtered 
through filter paper and vacuum filtered through celite.  Solvent removal revealed 677 mg (88%) 
of 108a as a yellowish clear liquid. MS (ESI) m/z 1150.5646 (M + Na+), theoretical 1150.5675.
 
Fourth generation amine PG dendron (108b).  To 325 mg (0.11 mmol, 1 equiv) of fourth 
generation azide PG dendron dissolved in 20 mL of methanol and 1 of mL H2O was added 100 
µL of TFA.  The solution was heated to 50 °C for 24 h.  The reaction was cooled to room 
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temperature and solvent was removed.  The residue was dissolved in 20 mL methanol and 50 mg 
10% Pd on carbon was added.  The reaction was evacuated and backfilled with hydrogen using a 
balloon and needle.  The reaction was monitored using IR following the loss of the azide peak at 
2100 cm-1. The mixture was stirred 48 h and was filtered through celite and solvent was removed 
under vacuum.  The oil was taken up in water, filtered through celite, and dried under vacuum to 
yield 236 mg (94%) of 108b as a thick yellow oil.
Methyl 3,5-dihydroxy-4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzoate (116).  To a 15 mL 
solution of dry  DMF containing 1.26 g (12.6 mmol, 2 equiv) of KHCO3, 2.31 g (12.6 mmol, 2 
equiv) of 114, and 0.333 g (1.26 mmol, 0.2 equiv) of 18-crown-6, was added 2 g (6.3 mmol, 1 
equiv) of triethylene glycol methyl ether tosylate.  The flask was fitted with a reflux condenser 
and heated to 70 °C for 36 h.  The reaction was cooled to 50 °C and the bulk DMF was removed 
under vacuum.  The residue was purified by silica gel chromatography (3% methanol in CH2Cl2 
to 5% methanol in CH2Cl2).  The product was dried to reveal 1.46 g (70%) of 116 as a slightly 
yellow liquid.  1H NMR (500 MHz, CDCl3) δ 7.59 (b, 2H), 7.08 (s, 2H), 4.59 (t, J = 0.5 Hz, 2H), 
3.78 (s, 3H), 3.7-3.55 (m, 8H), 3.51 (d, J = 1 Hz), 3.31 (s, 3H).
N-(1,3-Dihydroxy-2-(hydroxymethyl)propan-2-yl)-3,4,5-trimethoxybenzamide (117).  In a 
25 mL round bottom flask containing 0.718 g (3.17 mmol, 1 equiv) of methyl 3,4,5-
trimethoxygallate and 0.7959 g (6.57 mmol, 2.07 equiv) of 2-amino-2-(hydroxymethyl)
propane-1,3-diol was added 10 mL of DMF.  The reaction was heated to 115 °C under N2 
overnight.  The reaction mixture was cooled to room temperature and a precipitate was removed 
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by gravity  filtration.  The filtrate was concentrated under vacuum and the resulting residue was 
purified by  silica column chromatography (ethyl acetate to 10% methanol in ethyl acetate). 
Drying of the product revealed 0.2 g (20%) of 117 as a white crystalline solid. 1H NMR (500 
MHz, D2O) δ 6.96 (s, 2H), 3.76 (s, 6H), 3.75 (s, 6H), 3.68 (s, 3H), 3.62 (s, 1H). MS m/z MS 
(LRES ESI) 316.4 (M+ + H+), (theoretical) 316.4.
2,5-Dioxopyrrolidin-1-yl 3,4,5-tris((tert-butyldimethylsilyl)oxy)benzoate (119).  A 3 mL 
solution of dried dioxane containing 130 mg (0.254 mmol, 1 equiv) of 118 and 50 mg of NHS 
was cooled on an ice bath.  A 1 mL solution of 60 mg (0.285 mmol, 1.11 equiv) of DCC was 
added to the reaction mixture over 20 minutes.  The mixture was stirred 24 h and the and was 
filtered and dried under vacuum to yield an oily residue that contained a solid particulate.  The 
residue was dissolved in a minimum of CH2Cl2 and passed through a short plug of silica (100 
mL of 20% ethyl acetate in hexanes).  The filtrates were pumped dry to reveal 87 mg (56%) of 
119 as a white solid.  1H NMR (500 MHz, CDCl3) δ 7.27 (s, 2H), 2.87 (bs, 4H), 0.98 (t, J = 3 
Hz), 9.32 (t, J = 3 Hz, 18 H), 0.222 (t, J = 3 Hz, 12 H), 0.133 (s, 6H). 13C NMR (500 MHz, 
CDCl3) δ 169.7, 161.8, 149.1, 145.7, 116.7, 26.3, 25.9, 19.0, 18.8, -3.4.
Alkyne HPG conjugated to TBDMS protected gallate (120).  To a 2 mL solution of DMF 
containing 43.5 mg (0.71 mmol, 5 equiv) of 119 and 100 mg (0.0143 mmol, 1 equiv, 94 equiv 
OH) of 21 (Mn = 6000 based on 1H NMR, 81 OH groups) was added 5 mg (0.0125 mmol, 8.7 
equiv) of NaH.  The solution was stirred at room temperature for 24 h.  The contents of the flask 
were dialyzed against methanol.  The dialyzed polymer was dried under vacuum to reveal 68 mg 
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(46%) of 120 as a brown oil.  1H NMR (500 MHz, CD3OD) δ 4.17 (bs, 2H), 3.95-3.46 (bm, 
200H), 0.98-0.88 (m, 24H), 0.20-0.05 (m, 15H).
Fluorescein clicked HPG conjugated to m,m,p-TBDMS protected gallate (121).  To a 2 mL 
solution of DMF containing 65 mg (0.011 mmol, 1 equiv) of 120, 8 mg of 25, and  and 100 µL of 
DIPEA was added 3 mg (0.0158 mmol, 1.46 equiv) of CuI.  The solution was sealed under N2, 
covered from light and stirred for 16 h.  An additional 3 mg (0.0158 mmol, 1.46 equiv) of CuI 
was added and the solution was stirred 16 h.  The solution was treated with 5 mL of a 10% v/v 
pH 7 sodium phosphate buffer, shaken, and centrifuged to remove a blue solid.  The supernatant 
was filtered, dialyzed against water, and filtered through celite.  Solvent removal produced 28 
mg (43%) of 121 as a brownish oil. 1H NMR (500 MHz, CD3OD) δ 7.15-7.05 (b, 2H), 6.7-6.3 (b, 
2H), 3.95-3.46 (bm, 200H), 1.6-1.35 (bm, 10H), 0.93 (s, 18H), 0.11 (m, 12H).
Alkyne HPG conjugated to m,m,p-benzyl protected gallate (124a). To a 1 mL solution of 
DMF containing 105 mg (0.0174 mmol, 0.0123 equiv, 1 equiv OH) of 21 (Mn = 6000 based on 
1H NMR, 81 OH groups) was added 162 mg (0.355 mmol, 0.25 equiv) of 123 and 200 µL of 
TEA.  An additional 4 mL of DMF was added to obtain a freely flowing solution.  The solution 
was stirred for 1 h and 17 mg (0.142 mmol, 0.1 equiv) of DMAP was added.  The reaction was 
monitored by removing aliquots and precipitating them with ether, isolating them using 
centrifuge, and analyzing them by 1H NMR.  The mixture was stirred 24 h and was precipitated 
with ether and centrifuged.  The solvent was decanted and the polymer was resuspended in water 
and passed through a sephadex column.  The solution was dried under vacuum and the polymer 
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was dissolved in MeOH, passed through celite.  Solvent removal afforded 139 mg (90%) of 124a 
as a brown oil.  1H NMR (500 MHz, CDCl3) δ 7.4-7.2 (bm, 17H), 5.08 (bs, 6H), 4.5-3.2 (bm, 
65H). SEC (DMF) Mn = 10,100 g/mol, Mw/Mn = 1.3.
Methyl 3,5-bis(benzyloxy)-4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzoate (126).  To a 5 
mL solution of DMF containing 500 mg (1.51 mmol, 1 equiv) of 116 and 771 mg (5.59 mmol, 
3.7 equiv) of K2CO3 was added 451 mL (3.93 mmol, 2.6 equiv) of benzyl chloride.  A condenser 
was attached to the reaction flask and the solution was heated to 110 °C under N2.  The reaction 
was followed by  TLC (CH2Cl2).  After complete consumption of the gallate groups the reaction 
mixture was filtered, quenched with H2O, and extracted with CH2Cl2.  The extracts were washed 
with two 10 mL portions of brine and dried over MgSO4.  Solvent removal provided a brown 
liquid that was taken up in 25 mL of diethyl ether and washed four times with 10 mL portions of 
water.  solvent removal revealed 431 mg (56%) of 126 as a clear oil.  1H NMR (500 MHz, 
CDCl3) δ 7.46 (m, 4H), 7.37 (m, 6H), 7.34 (m, 2H), 5.14 (s, 4H), 4.25 (t, J = 5 Hz, 2H), 3.89 (s, 
3H), 3.77 (t, J = 5 Hz, 2H), 3.62 (m, 2H), 3.56 (m, 2H), 3.50 (m, 4H), 3.35 (s, 3H).
3,5-Bis(Benzyloxy)-4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzoyl chloride (127).  A 5 
mL methanol solution containing 420 mg (0.823 mmol, 1 equiv) of 126 was filtered into a round 
bottom flask.  This solution was treated with a 2 mL solution of methanol containing 100 mg 
(1.52 mmol, 1.84 equiv) of KOH.  The reaction progress was monitored by TLC (3% methanol 
in CH2Cl2).  The solution was refluxed under N2 for 24 h.  To the reaction was added 10 mL of 1 
M HCl and a white solid precipitate was obtained.  The mixture was diluted with 5 mL of H2O 
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and the white solid was isolated by vacuum filtration.  Drying the solid under vacuum produced 
394 mg (96%) of the free acid of 127.  1H NMR (500 MHz, CDCl3) δ 7.47 (m, 4H), 7.42 (s, 2H), 
7.38 (m, 4H), 7.33 (m, 2H), 5.15 (s, 4H), 4.27 (t, J = 5, 2H), 3.79 (t, J = 5 Hz, 2H), 3.63 (m, 2H), 
3.57 (m, 2H), 3.52 (m, 4H), 3.35 (s, 3H).  13C NMR (500 MHz, CDCl3) δ 152.6, 1.36.9, 1.28.7, 
128.3, 127.7, 124.4, 110.5, 110.1, 72.8, 72.1, 71.6, 70.8, 70.6, 59.1.  MS (HRESI) m/z = 
519.1993 (M + Na+), Theoretical MW = 519.1993.  The free acid, 394 mg (0.793 mmol 1 equiv) 
was dissolved in 5 mL of toluene with 50 µL of DMF.  The mixture was stirred under N2 while 
100 µL (1.11 mmol, 1.4 equiv) of oxallyl chloride was slowly added.  The mixture was stirred for 
36 h and a yellow oily  residue formed.  The clear toluene layer was collected by decanting it 
from the mixture and the oily residue was discarded.  Drying under vacuum produced 365 mg 
(89%) of 127 as a white solid. 1H NMR (500 MHz, CDCl3) δ 7.46 (m, 6H), 7.44 (m, 4H), 7.35 
(m, 2 H), 5.15 (s, 4H), 4.31 (t, J = 6.5 Hz, 2H), 3.70 (t, J = 6.5 Hz, 2H), 3.62 (m, 2H), 3.57 (m, 
2H), 3.51 (m, 4H), 3.47 (s, 3H). 
Alkyne HPG conjugated to p-TEG, m,m-dibenzyl protected gallate (128).  A 10 mL solution 
of DMF containing 35 mg (0.28 mmol, 0.1 equiv) of DMAP, 400 µL (2.84 mmol, 1 equiv) of 
TEA, and 210 mg (2.84 mmol OH, 1 equiv OH) of 21 (Mn = 6000 based on 1H NMR, 81 OH 
groups), was quickly added to 365 mg (0.71 mmol, 0.25 equiv/OH, 20 equiv/polymer) of the ice 
cooled residue of 127.  The solution was stirred at room temperature for 48 h.  A 10 mL portion 
of ether was added to the reaction and a white solid was removed by  filtration.  The filtered 
solution was treated with an additional 70 mL of ether and the gummy oil was collected by 
centrifuge.  The supernatant was removed and 240 mg of a gummy oil was obtained.  The oil 
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was taken up in a minimum volume of 1:1 acetone:water and 6 volume equivalents of water was 
added.  The polymer was recovered by centrifuge as a white pellet and precipitated twice from 
1:1 acetone:water twice.  The polymer was dried under vacuum to produce 180 mg (39%) of 128 
as a clear film. 1H NMR (500 MHz, (CD3)2CO) δ 7.6-7.3 (bm, 12H), 5.25-5.05 (bs, 4H), 
4.35-4.05 (bm, 6H), 4.0-3.4 (bm, 36H), 3.25 (bs, 3H).  SEC (DMF) Mn = 12,900 g/mol, Mw/Mn = 
1.59.
Alkyne HPG conjugated to p-TEG, m,m-dibenzyl protected gallate and fluorescein(130). 
To a 500 µL solution of DMF containing 25 mg (0.003125 mmol, 1 equiv polymer) of 128, and 
2.0 mg (0.05 mmol, 16 equiv) of NaH, was added 2.2 mg (0.00488 mmol, 1.5 equiv) of 129. 
The solution was covered in foil and stirred under N2 overnight.  TLC was used to confirm that 
some fluorescein was attached to polymer by checking for yellow fluorescein color at baseline 
and using methanol as the eluent.  The reaction mixture was precipitated with ether three times 
and dissolved in CDCl3 and filtered.  Solvent removal afforded 16 mg (62%) of 130 as a red 
film.  See text for NMR characterization.
Propyl HPG conjugated to p-TEG gallate and fluorescein(131).  To 1 mL of a 1:1 solution of 
methanol:ethyl acetate containing 16 mg 130 was added 5 mg Pd on carbon.  The solution was 
cooled on liquid nitrogen and put on high vacuum.  The solution was sealed under vacuum with a 
septum and a balloon containing H2 was attached using a needle.  The reaction was monitored by 
1H NMR using filtered aliquots for 18 h.  The solvent was removed and 500 µL of methanol and 
1 drop of acetic acid was used to dissolve the residue.  A second H2 balloon was fitted to the 
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reaction as described above.  The solution was stirred for 12 h and the reaction was filtered.  The 
filtrates were treated with a 1 mL solution of 10% pH 7 sodium phosphate buffer and dialyzed 
against water.  The dialyzed solution was dried under vacuum to yield 8.6 mg (50%) of 131 as a 
red film. See text for UV and NMR characterization.
3.9.3 Photophysical Experiments
Stern-Volmer analysis of compounds 25, 89, and 90.  Three 250 µL 100 mM pH 8 sodium 
phosphate buffer solutions were prepared containing 4 µM of 89, 90, or 25.  The solutions were 
placed in a cuvette and their fluorescence was monitored as 2 µL aliquots of a 5 M  NaI solution 
was added to the cuvettes.  Results are shown in Figure 3.3a of the main text.
Photobleaching of Fluorescein and Fluorescein Derivatives 89 and 91.  Stock solutions of 
fluorescein, 89, and 91 were used to prepare three 1 µM solutions in 100 mM  pH 8 sodium 
phosphate buffer.  Each solution was transferred to a 200 µL cuvette and sealed using a rubber 
stopper. An O2 stream was bubbled through each cuvette for 20 minutes.  The cuvettes were 
exposed to 470 nm light from an narrow wavelength LED source and their fluorescence was 
measured periodically.  Results are shown in Figure 3.3c of the main text.
Photobleaching of dicarboxy cyanine dyes 107a-c.
Stock solutions of dyes 107a-c were prepared in deionized water.  107a 110 µM, 107b 80 µM, 
and 107c 110 µM.  Each solution had an absmax of 0.10±0.04.  Three samples were prepared for 
each solution as follows.  10 µL of dye solution was placed on the surface of a microscope slide. 
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A glass coverslip  was placed on the dye solution.  The edges of the coverslip  were sealed with 
Devcon® rubber adhesive.  The adhesive was allowed to dry  12 h while the slides were stored in 
a sealed container.  Measurements of each sample were taken using a 1.8 mW HeIon laser at 633 
nm.  Laser was focused to < 1 mm circular beam on the glass slide.  A CCD camera was used to 
collect the fluorescence from the sample continuously for 100 sec. for each sample.  The three 
samples were then averaged for each dye to obtain the photobleaching curve.  See Figure 3.8 for 
results.
Photobleaching of fluorescein dye 131.
A stock solution of 131 and fluorescein were prepared 
in pH 8.1 sodium phosphate buffer.  Each solution had 
an absmax of 0.09±0.03.  Samples were prepared for 
each solution by placing droplets onto small grooves 
on a polycarbonate grid as shown on right.  Best 
results were obtained using the smallest groove size, 
which was 0.3 mm in diameter and 0.25 mm deep.  Each droplet was tested for photobleaching 
using a focused 2.0 mW HeIon laser, set at 488 nm.  A filter and a power meter were used to 
reduce the incoming beam to 1.3 mW to get consistent power output to the sample.  The Laser 
was focused to the size of the droplet.  A CCD camera was used to collect the fluorescence from 
the sample continuously for 550 s.  Multiple samples were obtained by moving the carbonate 
grid to allow the laser to focus on a new spot.  Each curve represents an average of three 
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samples.  See Figure 3.15.  The same method was used to test the small molecule additives in 
Figure 3.11.
Quantum Yield Measurements.  
Quantum yields of compounds 89, 91, 92, 100, 102, 105, 107a-c were determined using the 
reference method taking a minimum of 5 data points for each sample.  For fluorescein containing 
molecules 89, 91, and 92, fluorescein was used as a reference assuming a quantum yield of 0.95. 
For perylene containing compounds 100, 102, and 105 cresol violet was used as a reference 
assuming a quantum yield of 0.56. For indocyanine dyes 107a-c 3,3′-diethylthiacarbocyanine 
iodide was used as the reference assuming a quantum yield of 0.33.
3.9.4 Cell Viability Assay.
Cell viability assays were performed using MSC D1 cells and fibroblast 3T3 cells.  Both cells 
were 7th passage cell lines.  Cells were added to 96 well plates at a concentration of 100,000 
cells per plate.   The cells were allowed to adhere to the 96 well plate surface and the supernatant 
DMEM  media was removed.  A 0.43 mg/mL solution of 131 in DMEM  media was prepared and 
a 10-fold serial dilution was performed to obtain 4 more solutions.  To each well containing 
adhered cells was added 200 µL of the DMEM  solutions of 131.  The cells were allowed to 
incubate at 37 °C for 24 h.  To each well was added 10 µL MTT solution and the cells were 
incubated 4 h.  The cells were treated with the stop solution (20 % SDS in H2O/DMF(50:50)) 
and incubated 2 h.  The absorbance at 570 nm was measured relative to blank wells prepared 
154
without cells and normalized to cells prepared without any polymer added.  See figure 3.14 for 
results.
3.10 REFERENCES
140. Hermanson, G. T. Bioconjugate Techniques; Elsevier Academic Press: London, UK, 2008.
141. J. W. Lichtman, J. A. Conchello, Nature Methods 2005, 2, 910-919.
142. J. P. Robinson, Methods in Cell Biology 2001, 63, 89-106.
143. J. G. White, W. B. Amos, M. Fordham, J. Cell. Biol. 1987, 105, 41-48;
144. W. Denk, J. H. Strickler, W.W. Webb, Science 1990, 248,  73-76.
145. K. Licha, C. Olbrich, Adv. Drug. Disc. Rev. 2005, 57, 1087-1108.
146. S. Gross, D. Piwnica-Worms, Current Opin. Chem. Biol. 2006, 10, 334-342. 
147. F. Helmchen, D. Winfried, Nature Methods 2005, 2, 932-940.
148. A. Waggoner, Current Opin. Chem. Biol. 2006, 10, 62-66.
149. D. R. Spring, Chem. Soc. Rev. 2005, 34, 472-482.
150. Methods in Molecular Biology, Vol.  429: Molecular Beacons: Signalling Nucleic Acid Probes,  Methods and 
Protocols Edited by: A. Marx and O. Seitz © Humana Press Inc., Totowa, NJ 209-224.
151. D. P. Millar, Curr. Opin. Struct. Biol. 1996, 6, 322-326; 
152. S. Weiss, Nature Struct. Biol. 2000, 7, 724-729.
153. B. Bohn, Mol. Cell. Endocrinol. 1980, 20, 1-15.
154. P. L. Chattopadhyay, C. M. Hogerkorp, M. Roederer, Immunolog, 2008, 125, 441-449.
155. W. B. Bonner, H.  G. Hulett, R. G. Sweet, L. A. Herzenberg, The Review of Scientific Instruments 1972, 43, 
404-409.
156. L. D. Lavis, R. T. Raines, ACS Chem. Bio. 2008, 3, 142-155.
157. Molecular probes The Handbook http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-
The-Handbook.html.
158. T. Bernas, M. Zarebski, R. R. Cook, J. W. Dobrucki, J. Microsc. 2004, 215, 281-296;  
159. P. S. Dittrich, P. Schwille, Appl. Phys. B 2001, 73, 829-837.
160. H. Giloh, J. W. Sedat, Science 1982, 217, 1252-1255.
155
161. M. Kasha, Spec. Discuss. Faraday Soc. 1950, 9, 14-19.
162. V. Kasche, L. Lindqvist, J. Phys. Chem. 1964, 68, 817-823. 
163. Y. Usui, K. Itoh, M. Koizumi, Bull. Chem Soc. Jpn. 1965, 38, 1015-1022.
164. L. Song, C. A. G. O. Varma, J. W. Verhoeven, H. J. Tanke, Biophys. J. 1996, 70, 2959-2968.
165. L. Song, E. J. Hennink, I. T. Young, H. J. Tanke, Biophys. J. 1995, 68, 2588-2600.
166. E. Engel, R. Schraml, T. Maisch, K. Kobuch, B. König, R. M. Szeimies,  J. Hillenkamp, W. Bäumler, R. 
Vasold, Invest. Ophth. Vis. Sci. 2008, 49, 1777-1783.
167. G. W. Myers, S. Gross, P. M. Henrichs, Photochem. Photobiol. 1976, 23, 37-43.
168. J. E. H. Buston, J. R. Young, H. L. Anderson, Chem. Commun. 2000, 905-906.
169. J. E. H. Buston, F. Marken, H. L. Anderson, Chem. Commun. 2001, 1046-1047.
170. C. M. Simon Yau, S. I.  Pascu, S.  A. Odom, J. E. Warren, E. J. F. Klotz, M. J. Frampton, C. C. Williams, V. 
Coropceanu, M. K.  Kuimova, D. Phillips, S. Barlow, J. Bredas, S.  R. Marder, V. Millar, H. L. Anderson, Chem. 
Commun. 2008, 2897-2899.
171. J. Mohanty, W. M. Nau, Angew. Chem. Int. Ed. 2005, 44, 3750-3754.
172. J. Mohanty, W. M. Nau, Photochem. Photobiol. Sci. 2004, 3, 1026-1031.
173. J. Mohanty, H. Pal, A. K. Ray, S. Kumar, W. M. Nau, ChemPhysChem 2007, 8, 54-56.
174. T. A. Martyn, J. L. Moore, R. L. Halterman, W. T. Yip, J. Am. Chem. Soc. 2007, 129, 10338-10339.
175. J. Issberner, F. Vögtle, L. D. Cola, V. Balzani, Chem. Eur. J. 1997, 3, 706-712.
176. A. C. H. Ng, X. Li, D. K. P. Ng, Macrolecules 1999, 32, 5292-5298.
177. C. D. Schmidt, C. Böttcher, A. Hirsch, Eur. J. Org. Chem. 2007, 5497-5505; 
178. T. Heek, C. Fasting, C. Rest, X. Zhang, F. Würthner, R. Haag, Chem. Commun. 2010, 46, 1884-1886.
179. D. D. Diaz,  S. Punna, P. Holzer, A. K. McPherson, K. B. Sharpless, V. V. Fokin, M. G. Finn J. Poly Sci Part A. 
Poly Chem. 2004,  42, 4392-4403.
180. L. D. Shiau, Macromol. Theory Simul. 2004, 13, 783-789.
181. S. Zhu, D. Li, Q. Yu, D. Hunkeler, J. Macromol. Sci., Pure Appl. Chem. 1998, 35, 33-56.
182. Green, F.J., Sigma-Aldrich Handbook of Stains, Dyes and Indicators, 1990, 377.
183. R. M. Watt, E. W. Voss, J. Biol. Chem. 1979, 254, 1684-1690.
184. D. A. Johnson, J. Yguerabide, Biophys. J. 1985, 48, 949-955.
185. E. Burakowska, J. R. Quinn, S. C. Zimmerman, R. Haag, J. Am. Chem. Soc. 2009, 131, 10574-10580. 
156
186.  J. A. Kemlo, T. M. Shepherd, Chem. Phys. Lett. 1977, 47, 158-162.
187. A. S. Holmes, K. Suhling, D. J. S. Birch, Biophys. chem. 1993, 48, 193-204.
188. H. D. Maynard, R. H. Grubbs, Tetrahedron Lett. 1999, 40, 4137-4140.
189. S. C. Zimmerman, J. R. Quinn, E. Burakowska, R. Haag, Angew. Chem. Int. Ed. 2007, 46, 8164-8167. 
190. Y. Nagao, T. Misono, Dyes Pigm. 1984, 5, 171-188.
191. J. Qu, C. Kohl, M. Pottek, K. Müllen, Angew. Chem. Int. Ed. 2004, 43, 1528-1531.
192. T. Heek, C. Fasting, C. Rest, X. Zhang, F. Würthner, R. Haag, Chem. Commun. 2010, 46, 1884-1886.
193. S. K. Yang, X. Shi, S. Park, S. Doganay, T. Ha, S. C. Zimmerman, J. Am. Chem. Soc. 2011, 133, 9964-9967.
194. G. Seybold, G. Wagonblast, dyes pigm. 1989, 11, 303-317.
195. H. Klok, S. Becker, F. Schuch, T. Pakula, K. Müllen, Macromol. Chem. Phys. 2002, 203, 1106-1113.
196. C. Kohl, T. Weil, J. Qu, K. Müllen, Chem. Eur. J. 2004, 10, 5297-5310.
197. A. Zaheer, R. E. Lenkinski, A. Mahmood, A. G. Jones, L. C. Cantley, J.  V. Frangioni,  Nat. Biotechnol. 2001,  
19, 1148-1154.
198. O. Mader, K. Reiner, H. Egelhaaf, R. Fischer, R. Brock, Bioconjugate Chem. 2004, 15, 70-78.
199. M. levitus, S. Ranjit, Q. Rev. Biophys. 2011, 44, 123-151.
200. S. Murphy, G.B. Schuster, J. Phys. Chem. 1995, 99, 8516–8518.
201. H. Lee, M. Y. Berezin, M. Henary, L. Strekowski, S. Archilefu, J. Photochem. Photobiol. A, 2008, 200, 
438-444.
202. A. C. Benniston, A. Harriman, C. McAvoy, J. Chem. Soc., Faraday Trans. 1997, 93, 3653-3662.
203. A. V. Kulinich, N. A. Derevyanko, A. A.  Ishchenko, S. L. Bondarev, V. N. Knyukshto, J. Photochem. 
Photobiol. A, 2008, 200, 106-113.
204. M. Wyszogrodzka, R. Haag, Chem. Eur. J. 2008, 14, 9202-9214.
205. K. Licha, C. Hessenius,  A. Becker, P. Henklein,  M. Bauer,  S. Wisniewski, B. Wiedenmann, W. Semmler, 
Bioconjugate Chem. 2001, 12, 44-50.
206. K. Licha,  B. Riefke, V. Ntziachristos,  A. Becker, B. Chance, W. Semmler, Photochem &  Photobiol. 2000, 72, 
392-398.
207. H. Mustroph, K. Reiner, J. Mistol, S. Ernst, D. Keil, L. Hennig, ChemPhysChem 2009, 10, 835-840.
208. R. Yasuda, T. Masaike, K. Adachi, H. Noji, H. Itoh, K. Kinosita,  Proc. Natl. Acad. Sci. U.S.A. 2003,  100, 
9314-9318.
157
209. H. J. Gruber, C. D. Hahn, G. Kada, C. K. Riener, G. S. Harms, W. Ahrer, T. G. Dax, H. Knaus,  Bioconjugate 
Chem. 2000, 11, 696-704.
210. U. Schobel, H. Egelhaaf, A. Brecht, D. Oelkrug, G. Gauglitz, Bioconjugate Chem. 1999, 10, 1107-1114.
211. A. K. Gaigalas, L. Wang, K. D. Cole, E. Humphries, J. Phys. Chem. A 2004, 108, 4378-4384.
212. J. Widengren, A. Chmyrov, C. Eggeling, P. Löfdahl, C. A. M. Seidel, J. Phys. Chem. A 2007, 111, 429-440.
213. J. Vogelsang, R. Kasper, C. Steinhauer, B. Person, M. Heilemann,  M. Sauer, P.  Tinnefeld, Angew. Chem. Int. 
Ed. 2008, 47, 5465-5469.
214. D. R. G. Brimage, R. S. Davidson, Chem. Commun. 1971, 1385.
215. R. S. Atkinson, D. R. G. Brimage, R. S. Davidson, M. Gray, J. Chem. Soc., Perkin Trans. 1 1973, 960-964.
216. B. Liphardt, B. Liphardt, W. Lüttke, Opt. Commun. 1983, 48, 129-133.
217. B. Liphardt, B. Liphardt, W. Lüttke, Opt. Commun. 1981, 38, 207-210.
218. K. Krumova, P. Oleynik, P. Karam, G. Cosa, J. Org. Chem. 2009, 74, 3641-3651.
219. A. P. de Silva, H. Q. N. Gunaratne, T. Gunnlaugsson, A. J. M. Huxley, C. P. McCoy, J.  T.  Rademacher, T. E.  
Rice, Chem. Rev. 1997, 97, 1515-1566.
220. J. W. Lichtman, J. Conchello, Nat. Methods. 2005, 2, 910-919.
221. K. S. Feldman, S. Quideau, H. M. Appel, J. Org. Chem. 1996, 61, 6656-6665.
222. S. Quideau, K. S. Feldman, Chem. Rev. 1996, 96, 475-503.
223. S. Quideau, K. S. Feldman, H. M. Appel, J. Org. Chem. 1995, 60, 4982-4983.
224. K. S. Feldman, A. Sambandam, K. E. Bowers, H. M. Appel, J. Org. Chem. 1999, 64, 5794-5803.
225. C. J. Chester, J. S. Buck, J. Am. chem. Soc. 1943, 65, 2140-2142.
226. K. S. Feldman, K. Sahasrabudhe, J. Org. Chem. 1999, 64, 209-216.
227. H. Yamada, K. Nagao, K. Dokei, Y. Kasai, N. Michihata, J. Am. Chem. Soc. 2008, 130, 7566-7567.
228. M. L. Cardona, M. I. Fernandez, M. B. Garcia, J. R. Pedro, Tetrahedron 1986, 42, 2725-2730.
229. A. Longin, C. Soucher, M. Ffrench, P. A. Bryon, J. Hist. Cyto. 1993, 41, 1833-1840.
230. L. Zhang, H. N. Patel, J. W. Lappe, R. M. Wachter, J. Am. Chem. Soc. 2006, 128, 4766-4772.
231. H. Niwa, S. Inouye, T. Hirano, T. Matsuno, S. Kojima, M. Kubota, M. Ohashi, F. I. Tsuji,  Proc. Natl. Acad. 
Sci. U.S.A. 1996, 93, 13617-13622.
232.  Y. Kim, S. Kim, M. Tanyeri,  J. A. Katzenellenbogen, C. M. Schroeder, “Dye-conjugated Dendrimers as Bright 
and Photostable Nanoprobes for Fluorescence Microscopy”, in a paper submitted to J. Am. Chem. Soc., 2011.
158
233. C. Eggeling, J. Widengren, R. Rigler, C. A. M. Seidel, Anal. Chem. 1998, 70, 2651-2659.
234. A. K. Gaigalas, L. Wang, K. D. Cole, E. Humphries, J. Phys. Chem. A 2004, 108, 4378-4384.
235. T. Cordes, J. Vogelsang, P. Tinnefeld, J. Am. Chem. Soc. 2009, 131, 5018-5019.
236. I. Rasnik, S. A. McKinney, T. J. Ha., Nat. Methods 2006, 3, 891-3.
237. T. Cordes, A. Maiser, C. Steinhauer, L. Schermelleh, P. Tinnefeld, PCCP 2011, 13, 6699-6709.
238. R. Zondervan, F. Kulzer, S. B. Orlinskii, M. Orrit, J. Phys. Chem. A 2003, 107, 6770-6776.
239. W. E. Moerner, Science 1997, 277, 1059-1060.
240. C. B. Reese, J. C. M. Stewart, Tetrahedron Lett. 1968, 4273-4276.
241. T. Hanomoto, Y. Sugimoto, Y. Yokoyama, J. Inanaga, J. Org. Chem. 1996, 61, 4491-4492.
159
